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Abstract 
Improving biomass yield is a major goal of Miscanthus breeding. We conducted a study on one 
interspecific M. sinensis × M. sacchariflorus F1 population and two intraspecific M. sinensis F1 
populations, each of which shared a common parent. A field trial was established at Urbana, IL 
during spring 2011, and phenotypic data was collected in 2012 and 2013 for fourteen yield traits. 
Six high-density parental genetic maps, as well as a consensus genetic map integrating M. 
sinensis and M. sacchariflorus, were developed via the pseudo-testcross strategy for non-inbred 
parents with ≥1,214 single nucleotide polymorphism markers generated from restriction site-
associated DNA sequencing. We confirmed for the first time a whole-genome duplication in M. 
sacchariflorus relative to Sorghum bicolor, similar to that observed previously for M. sinensis. 
Four quantitative trait locus (QTL) analysis methods for detecting marker-trait associations were 
compared: 1) individual parental map composite interval mapping (CIM) analysis, 2) individual 
parental map stepwise analysis, 3) consensus map single-population stepwise analysis and 4) 
consensus map joint-population stepwise analysis. These four methods detected 288, 264, 133, 
and 109 total QTLs, which resolved into 157, 136, 106, and 86 meta-QTLs based on QTL 
congruency, respectively, including a set of 59 meta-QTLs common to all four analysis methods. 
Composite interval mapping and stepwise analysis co-identified 118 meta-QTLs across six 
parental maps, suggesting high reliability of stepwise regression in QTL detection. Joint-
population stepwise analysis yielded the highest resolution of QTLs compared to the other three 
methods across all meta-QTLs. Strong, frequently advantageous transgressive segregation in the 
three populations indicated a promising future for breeding new higher-yielding cultivars of 
Miscanthus. 
iii 
 
 
Overwintering ability is an important selection criterion for Miscanthus breeding in 
temperate regions. Insufficient overwintering ability of the currently leading Miscanthus biomass 
cultivar M. ×giganteus (M×g) ‘1993-1780‘ in regions where average annual minimum 
temperatures are -26.1 C (USDA hardiness zone 5b) or lower poses a pressing need for 
developing new cultivars with superior cold tolerance that could be optimized for regions with 
severe winters. Three complementary studies on the genetics of overwintering ability of 
Miscanthus were conducted: 1) an interconnected population consisting of three full-sib families 
each with a parent in common evaluated in the field at Urbana, IL, 2) an M. sinensis germplasm 
panel consisting of 564 accessions evaluated in field trials at three locations in Asia and two in 
North America, and 3) comparison of 13 M. ×giganteus genotypes at Urbana, IL, Dixon Springs, 
IL, and Jonesboro, AR. By using joint population analysis of the three interconnected F1 diploid 
populations that shared a common parent, we identified 53 quantitative trait loci (QTLs) for nine 
adaptation traits, including nine overwintering ability QTLs. Negative correlations between 
overwintering ability and spring regrowth date and autumn dormancy date suggested that the 
genotypes most likely to survive winters were those that emerged early in spring and/or went 
dormant early in autumn. From genome-wide association analyses (GWA) of the germplasm 
panel study, we detected 73 marker-trait associations for overwintering ability. We found that 
Korea/N China M. sinensis genetic group could be a valuable gene pool for cold tolerance. The 
M. sinensis Yangtze-Qinling, Southern Japan and Northern Japan genetic groups were also 
potential sources of cold-tolerance. Comparisons between QTL analyses and GWA analyses, we 
found two overwintering ability QTLs that corresponded to seven GWA hits. One QTL on 
Miscanthus LG 8 encompassed five GWA hits and a known cold-responsive gene, COR47. The 
other overwintering ability QTL on Miscanthus LG 11 contained two GWA hits and two known 
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cold stress related genes, carboxylesterase 13 (CEX13) and WRKY transcription factor 
(WRKY2). The QTL on LG 11 was also surrounded by one cold shock domain (CDSP1). Many 
biologically intuitive candidate genes were observed within or near the QTLs and GWA hits 
detected in this study, suggesting their validity and potential for further study. From the 
comparison of 13 M×g genotypes at three US locations, we identified several genotypes with 
superior cold tolerance to the commercial cultivar ‘1993-1780‘, suggesting a promising future for 
improving adaptation in Miscanthus. 
Miscanthus is a close relative of Saccharum and a potentially valuable genetic resource 
for improving sugarcane. Differences in flowering time within and between Miscanthus and 
Saccharum hinders intra- and interspecific hybridizations. A series of greenhouse experiments 
were conducted over three years to determine how to synchronize flowering time of Saccharum 
and Miscanthus genotypes. We found that day length was an important factor influencing when 
Miscanthus and Saccharum flowered. Sugarcane could be induced to flower in a central Illinois 
greenhouse using supplemental lighting to reduce the rate at which days shortened during the 
autumn and winter to 1 min d
-1
, which allowed us to synchronize the flowering of some 
sugarcane genotypes with Miscanthus genotypes primarily from low latitudes. In a 
complementary growth chamber experiment, we evaluated 33 Miscanthus genotypes, including 
28 M. sinensis, 2 M. floridulus, and 3 M. ×giganteus collected from 20.91° S to 44.92° N for 
response to three day lengths (10 h, 12.5 h, and 15 h). High latitude-adapted M. sinensis 
flowered mainly under 15 h days, but unexpectedly, short days resulted in short, stocky plants 
that did not flower; in some cases, flag leaves developed under short days but heading did not 
occur. In contrast, for M. sinensis and M. floridulus from low latitudes, shorter day lengths 
typically resulted in earlier flowering, and for some low latitude genotypes, 15 h days resulted in 
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no flowering. However, the highest ratio of reproductive shoots to total number of culms was 
typically observed for 12.5 h or 15 h days. Latitude of origin was significantly associated with 
culm length, and the shorter the days, the stronger the relationship. Nearly all entries achieved 
maximal culm length under the 15 h treatment, but the nearer to the equator an accession 
originated, the less of a difference in culm length between the short-day treatments and the 15 h 
day treatment. Under short days, short culms for high-latitude accessions was achieved by 
different physiological mechanisms for M. sinensis genetic groups from the mainland in 
comparison to those from Japan; for mainland accessions, the mechanism was reduced internode 
length, whereas for Japanese accessions the phyllochron under short days was greater than under 
long days. Thus, for M. sinensis, short days typically hastened floral induction, consistent with 
expectations for a facultative short-day plant. However, for high latitude accessions of M. 
sinensis, days less than 12.5 h also signaled that plants should prepare for winter by producing 
many short culms with limited elongation and development; moreover, this response was also 
epistatic to flowering. Thus, to flower M. sinensis that originates from high latitudes 
synchronously with sugarcane, the former needs day lengths >12.5 h (perhaps as high as 15 h), 
whereas the latter needs day lengths <12.5 h. 
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CHAPTER 1 
LITERATURE REVIEW 
1.1 Rationale 
According to the monthly energy review of U.S. Energy Information Administration (EIA), U.S. 
energy consumption per year from 1949 to 2016 increased by 184% to 97.4 quadrillion Btu 
(Anonymous, 2017). Fossil fuels including coal, natural gas (dry), and crude oil have been the 
predominant energy source with yearly consumption of 78.6 quadrillion Btu in 2016 
(Anonymous, 2017). Worldwide, the demand for energy is estimated to grow by more than 50% 
by 2025, largely due to the increasing energy demand from developing countries (Ragauskas et 
al., 2006).  
The Energy Independence and Security Act of 2007 established the Renewable Fuel 
Standard (RFS) program which aims to reduce greenhouse gas emissions (GHG) and reliance on 
imported oil. The RFS sets annual targets for renewable fuels including biomass-based diesel, 
cellulosic biofuel, advanced biofuel and total renewable fuel (https://www.epa.gov/renewable-
fuel-standard-program/program-overview-renewable-fuel-standard-program). As originally 
conceived, the RFS targeted the production of 36 billion gallons of biofuel in 2022, of which at 
least 16 billion gallons were to be from cellulosic sources with a GHG intensity of less than 60% 
relative to conventional gasoline. A cap of 15 billion gallons was set for corn-grain ethanol (Rita 
et al., 2014). The RFS also anticipated the total volume of cellulosic biofuels to be larger than 16 
billion gallons if the mix of feedstocks (for example, harvest residues, perennial grasses, wood) 
is economically viable (Hudiburg et al., 2016). To promote cellulosic ethanol production and 
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market-competitiveness, supplemental polices have been implemented, particularly a cellulosic 
production tax credit (Chen et al., 2012). Development and utilization of renewable energy are 
critical not only for addressing climate change, but also for creating new economic opportunities 
(Akella et al., 2009). The RFS program has stimulated the start of two commercial scale 
cellulosic ethanol plants in the Iowa (DuPont Cellulosic Ethanol LLC; Poet-DSM Advanced 
Biofuels LLC); though both currently rely entirely on corn stover, future facilities could rely in 
part on perennial biomass crops to improve sustainability via greater GHG reductions and 
cleaner water from capturing N and P on farm before they are lost to the rivers and eventually 
enter the Gulf of Mexico where they cause a giant hypoxic dead zone (Alexander et al., 2009; 
https://www.epa.gov/nutrient-policy-data/gulf-mexico). Perennials also reduce erosion of soil, 
thereby improving agricultural land and in some places preventing desertification (Vallebona et 
al., 2016).  
Extensive use of fossil fuels not only depletes the non-renewable sources of energy, but 
also have caused serious environmental and health problems. One of the most famous tragedies 
in history is the “Great Smog” that happened in London in 1952 (Bell & Davis, 2001). Severe 
air-pollution resulted from a heavy, motionless layer of smoky, dusty fumes from millions of 
coal stoves and local factories and led to 12,000 unexplained and additional deaths in the 
following two months. More recent studies also indicated that even relatively low levels of air 
pollution could have serious long-term effects. One of the ongoing studies conducted by the 
American Cancer Society revealed that people living in more polluted areas have significantly 
higher risks of lung cancer as well as greater risks of cardiopulmonary mortality (Pope et al., 
2002). Moreover, the London tragedy seems to be not merely historic. More and more 
developing countries are undergoing similar environmental crises. The levels of harmful fine 
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particulate matter, called PM2.5, which primarily comes from fuel combustion in motor vehicles, 
power plants and other industrial processes, is significantly higher than the safe threshold in 
Beijing, China and Delhi, India during winters (Aisch & Fairfield, 2015).   
Biomass from wood, grasses, or the inedible parts of plants, is an important alternative 
energy source. Grass vegetation can be converted into bioenergy using three main technologies: 
conversion to liquid fuels (e.g., ethanol or butanol), direct combustion or in combination with 
fossil fuels, and gasification (McLaughlin et al., 1999). Since the late 1970s, woody and 
perennial grasses have been tested across a wide range of soil types for bioenergy production in 
the United States (Anonymous, 2011). The major objectives of these evaluations were to identify 
potential energy crops and develop management prescriptions (Anonymous, 2011). A subset of 
potential energy crops including switchgrass (Panicum virgatum), Miscanthus, sugarcane 
(Saccharum spp.), sorghum (Sorghum bicolor), Populus, willow (Salix spp.), Eucalyptus, 
loblolly pine (Pinus taeda L.), were highlighted in the Billion-Ton Update report (Anonymous, 
2011; 2016) because of their high-yielding potential.  
To meet Europe’s greenhouse gas (GHG) reduction targets, the European Union has 
committed to increase the proportion of renewable energy from 9% in 2010 to 20% of total 
energy consumption by 2020, and predicted that 17-21 million hectares (Mha) of additional land 
will be converted to energy crop production land (Hastings et al., 2009; Don et al., 2012). 
Current energy crop production in Europe varies from country to country due to political factors, 
investment incentives, market opportunities and technology developments and climatic and soil 
considerations (Don et al., 2012). The largest bioenergy production countries in Europe are: 
Finland (reed canary grass), the United Kingdom, Ireland, and Italy (Miscanthus), Sweden and 
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Denmark (willow) (Don et al., 2012). In China, case studies have been conducted on marginal 
lands to evaluate the feasibility of producing large quantities of biomass. It is estimated that 
some 45 Mha of marginal land could be brought into biomass production for energy (Tang et al., 
2010). In Japan, damage to the Fukushima Nuclear Power Plant by the recent earthquake and 
tsunami in 2011 stimulated considerations of using bioenergy as an alternative to nuclear power 
(Sasaki et al., 2011). An estimated 25.1 Mha of Japanese forests could be an important source for 
bioenergy production (Sasaki et al., 2011).  
1.2 Miscanthus 
Miscanthus is a member of the Poaceae family (the grasses), tribe Andropogoneae, subtribe 
Saccharinae (Anzoua et al., 2011). The genus Miscanthus is classified into two sections: sect. 
miscanthus, which includes M. sinensis, M. floridulus, M. tinctorius, M. oligostachyus, and M. 
intermedius, and sect. triarrhena, which includes M. sacchariflorus and M. sacchariflorus ssp. 
lutarioriparius (Lee, 1993; Sun et al., 2010). Tufted growth is typical of sect. miscanthus, 
whereas long rhizomes and spreading growth are typical of sect. triarrhena. M. sacchariflorus 
(Maxim.) Hack. and M. sinensis Andersson are the most widely distributed and divergent species 
in the genus and are the parent species of biomass crop M. ×giganteus (M×g) (Clifton-Brown et 
al., 2008; Hodkinson et al., 2002a,b). A single genotype of M×g was imported from Yokohama, 
Japan to Denmark by Aksel Olsen in the 1930s, subsequently distributed throughout Europe and 
North America (Głowacka et al., 2014; Linde-Laursen, 1993), and is currently the leading 
biomass cultivar of Miscanthus. We refer to this genotype as M×g ‘1993-1780’ in reference to its 
accession number in the Kew Living Collection (Hodkinson & Renvoize, 2001). 
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Synteny among species is a common feature of the grass family (Gale & Devos, 1998; 
Moore et al., 1995). Sorghum, Saccharum, and maize are three close relatives of Miscanthus that 
are economically important and for which considerable genomic data are available (Dalton, 
2013; Hodkinson et al., 2002; Kim et al., 2014). Swaminathan et al. (2010) found the coding 
fraction of the M×g genome has a high level of identity to other grasses, and showed the utility 
of sorghum as a reference genome. Of the grass species for which a reference genome is 
available (e.g. maize, sorghum, rice and Brachypodium distachyon), Ma et al. (2012) found that 
sorghum has the closest syntenic relationship to Miscanthus.  
Miscanthus has a large genome size with a basic chromosome number of x=19, which 
was formed from a whole genome duplication and the fusion of two chromosomes (Kim et al., 
2012; Ma et al., 2012; Swaminathan et al., 2012). In contrast to Miscanthus, most Saccharinae 
have a basic chromosome number of x=10. Previous studies have documented the occurrence of 
diploid (2n=2x=38) M. sinensis, tetraploid (2n=4x=76) M. sacchariflorus and M. sinensis, as 
well as triploid M×g (2n=3x=57) in Japan and Korea (Hirayoshi et al., 1957; Moon et al., 2013; 
Cichorz et al., 2014). Triploid M×g was found to have genome size of 7.0 pg whereas diploid M. 
sacchariflorus and M. sinensis were observed to have genome sizes of 5.5 and 4.5 pg, 
respectively and tetraploid M. sacchariflorus has a genome size of 9.0 pg (Chae et al., 2014; 
Rayburn et al., 2009). The reported genome sizes support the hypothesis that triploid M×g 
results from the union of 2x M. sacchariflorus and 1x M. sinensis gametes (Hodkinson et al., 
2002). Swaminathan et al. (2010) reported a similar genome size for M×g with values ranging 
from 7.60 to 7.95 pg. Głowacka et al. (2014) studied eight new triploid M×g genotypes and also 
reported a similar genome size of 6.7-7.1 pg. 
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Miscanthus is native to East Asia and Oceania. It is naturally distributed throughout a 
wide geographic range from northeastern Siberia (~50° N) to Polynesia (~22° S) (Clifton-Brown 
et al. 2008). Though the natural range of M. sinensis and M. sacchariflorus overlap from ~29° N 
to 43° N, M. sinensis is distributed further south to at least ~18° N in Hainan, China, whereas M. 
sacchariflorus is distributed further north to ~50° N in eastern Russia (Sacks et al., 2013). A 
recent study by Clark et al. (2014) concluded that south-eastern China was the origin of M. 
sinensis populations found in temperate eastern Asia, which is consistent with this area probably 
having been a refugium during the last glacial maximum (LGM). After the LGM, M. sinensis 
migrated directly from south-eastern China to Japan since ~14 000 years before present (ybp) 
before migrating to the same latitudes in China and South Korea since ~10 000 ybp, which is 
consistent with the known sequence of warming. Ornamental cultivars of M. sinensis were 
imported from Japan to the USA in the early 1870s (Anonymous, 1876), and the US naturalized 
populations were derived from a sub-set of the ornamental cultivars (Clark et al., 2014).  
M×g is a promising bioenergy biomass crop due to its high yield potential (10-30 dry t 
ha
-1
), low input requirements, stand longevity, wide adaptation, and sustainability (Clifton-
Brown et al. 2004; Heaton et al. 2004, 2008; Robson et al., 2013). Once established, cultivated 
M×g can sustainably produce high yields of biomass for more than 10 years (Lewandowski et 
al., 2000; Clifton-Brown and Jones, 2001). The average cellulose contents in dried biomass of 
M. sinensis, M. sacchariflorus, M. floridulus, M×g are 37.6, 38.9, 37.2 and 41.1% wt/wt (Lee & 
Kuan, 2015). Cellulose is a renewable energy source and can be hydrolyzed to glucose, which 
can be fermented to ethanol or butanol, as well as other products (Herr, 1980; Lee & Kuan, 
2015). Additionally, as M×g becomes established and grows, it develops an extensive layer of 
rhizomes and roots that conserve soil (McCalmont et al., 2015). Moreover, studies in Germany, 
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Denmark, and UK have shown that belowground growth of M×g helped to improve soil organic 
carbon levels (Foereid et al., 2004; Schneckenberger & Kuzyakov, 2007; McCalmont et al., 
2015). 
As a C4 species, Miscanthus is exceptional due to its high photosynthetic rate at low 
temperature (Beale et al., 1996; Naidu et al., 2003; Wang et al., 2008). Unlike the C3 
photosynthesis pathway, which uses ribulose bisphosphate carboxylase/oxygenase (RubisCO) 
for initial assimilation of CO2 in the palisade mesophyll cells, the C4 photosynthesis pathway 
involves a more efficient carboxylating enzyme called phosphoenolpyruvate carboxylase (PEPC) 
for the initial assimilation of CO2 around bundle sheath cells to form malic acid. This enzyme has 
a higher affinity for CO2 than RubisCO and has no oxygenase activity (Beadle & Long, 1985; 
Forseth, 2010). Therefore, more CO2 could be concentrated around RubisCO in bundle sheath 
cells of leaf tissue and further suppress photorespiration by eliminating or reducing competition 
of O2 for CO2 reaction sites on RubisCO. Moreover, C4 plants have better water use efficiency 
(WUE) due to reduced transpiration resulting from its superior ability to concentrate CO2 
compared to C3 species (Brown, 1978). Among C4 species, Miscanthus possess an exceptional 
cold tolerance in cool temperate climates and maintains high photosynthetic rates compared to 
other species like maize. Wang et al. (2008) investigated the influence of chilling temperature on 
photosynthetic rate in Miscanthus and maize, together with changes in protein and transcript 
contents of pyruvate phosphate dikinase (PPDK), which is a key enzyme in carbon fixation 
(Evans & Wood, 1968). Following a transition from 25°C to a 14°C (chilling) growth 
temperature, CO2 assimilation rate declined progressively over 9 days by 38% in maize. A 
similar decline occurred in Miscanthus for the first 2 days but was followed by a recovery 
stabilizing at 88% of the original level. In terms of RubisCO level, this enzyme remained 
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constant in Miscanthus but declined in maize. PPDK content per leaf area transiently declined in 
Miscanthus but then increased and was even significantly higher than original level. In contrast, 
maize experienced a continuous decline in PPDK and CO2 assimilation throughout the chilling 
period.  
Current germplasm collections of Miscanthus represent only small fraction of the natural 
genetic variation within this species (Sacks et al., 2013). Only 48 Miscanthus genotypes are 
available in the U.S. National Plant Germplasm System (https://npgsweb.ars-
grin.gov/gringlobal/taxon/taxonomysimple.aspx) and only three accessions are listed in the 
National Institute of Agrobiological Sciences in Japan (http://www.gene.affrc.go.jp/databases-
plant_search_en.php ). Although Miscanthus has a wide geographic distribution and several 
research teams maintain large panels of Miscanthus germplasm (Clark et al., 2014; Fonteyne et 
al., 2016; Głowacka et al., 2014; Jensen et al., 2011; Kaiser et al., 2015; Moon et al., 2013; 
Robson et al., 2012; Yan et al., 2012), germplasm transfer among different countries is mainly 
obstructed by import and export restrictions (Jakob et al., 2009). For example, complex 
bureaucratic procedures and strict quarantine inspections could delay germplasm exchange for a 
long period of time. However, such rigorous regulations are necessary for preventing biological 
invasion. Looking back at Miscanthus, if we want to make it an ideal candidate crop for 
bioenergy production, we need to make sure that it can overlap with other local species without 
causing invasion and be widely accepted by the public.  
1.3 Sugarcane and Miscane 
Sugarcane is a perennial grass of the genus Saccharum and it is a sister-clade of Miscanthus. 
Because of its high concentration in sucrose, sugarcane has been exploited globally in sugar 
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production, accounting for about 80% of sugar production, with the remaining 20% primarily 
from sugar beet (Wang et al., 2010). In 2014, global sugarcane production was more than four 
times higher than that in 1965 (FAO, 2017). Native to New Guinea, South Asia, and Southeast 
Asia, sugarcane now is widely grown in over 100 countries on 26.5 Mha. Brazil is the largest 
producer of sugarcane in the world, followed by India, China, Thailand, Pakistan (FAO, 2017). 
The oldest known sugar manufacturing archeological site was found in New Guinea and was 
dated to more than 12,000 years ago (Pennington & Baker, 1990). Currently, commercial 
sugarcane production is limited to tropical and subtropical areas due to its low tolerance to cold. 
In the U.S., sugarcane agriculture is constrained to Florida, Louisiana, Texas and Hawaii, with 
Florida being the top producing state. Louisiana is perhaps where commercial sugarcane is most 
challenged by cold (Głowacka et al., 2015). 
The genus Saccharum includes six species based on morphology, chromosome numbers, 
and geographical distribution: S. spontaneum, S. robustum, S. officinarum, S. barberi, S. sinense, 
and S. edule. Current commercial sugarcane cultivars are interspecific hybrids between S. 
officinarum, which has high sugar yield, and S. spontaneum which is poor in sugar production 
but with high stalk number and tolerance to many abiotic and biotic stresses (Jannoo et al., 1999; 
Wang et al., 2010; Premachandran et al., 2011). In addition, chromosome numbers in S. 
officinarum range from 2n=70-140, whereas the chromosome numbers in S. spontaneum range 
from 2n=36-128 (Acevedo et al., 2000; Irvine, 1999; Nair, 1975). Therefore, commercial 
sugarcane cultivars have complex genomes due to high polyploidy (~8-12x), aneuploidy, and 
interspecific origin (D’Hont, 2005; Cunff et al., 2008).  
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Miscane is an interspecific hybrid between Miscanthus and Saccharum (da Silva et al., 
2011; Park J et al., 2011). Natural intergeneric crosses between Saccharum and Miscanthus 
genotypes have been reported (Price & Daniels, 1968; Grivet et al., 2006), and self-compatible 
intergeneric hybrids have been made from artificial crosses between sugarcane and M. sinensis 
(da Silva et al., 2011; Shailendra Sharma, unpublished data). Miscanthus could be a better source 
of genes for improving sugarcane than S. spontaneum because Miscanthus is more broadly 
adapted to diverse environments, and exhibits high disease and pest resistance (Chen & Lo, 
1989; Miller et al., 2005). Notably, Miscanthus has much greater potential tolerance to low 
temperatures and adaptation to high latitude environments than is found in Saccharum. 
Introgression from Miscanthus to sugarcane via backcrossing was proven to be a viable strategy 
by researchers in Taiwan and the U.S. during 1980s and 1990s (Chen & Lo, 1989; Tai et al., 
1991). Recent studies have shown that chilling tolerance of Miscanthus could be successfully 
transferred to sugarcane by hybridization (Głowacka et al., 2015). The chilling tolerant miscanes 
would be especially valuable for biomass feedstock and biofuel production, and hopefully such 
hybrids could help to expand sugarcane’s commercial production into cooler climates. 
1.4 Interspecific Hybridization: Barriers, Mechanisms, and Solutions 
Obtaining fertile interspecific hybrids is often not easy due to multiple breeding-barriers. In 
many cases, F1 interspecific hybrids fail to develop due to the barriers before, during or after 
fertilization (Ramsay et al., 1984; Stalker, 1980). A variety of mechanisms underlying failure in 
interspecific hybridization have been reported. Stebbins (1958) summarized many different 
mechanisms which prevent or retard the development of interspecific hybrids. Three major 
barriers were highlighted: 1) incompatibility between parental chromosomes and genes, as they 
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are combined in the hybrid nuclei. Under this circumstance, reciprocal crosses are equally weak 
or inviable; 2) disharmonious interactions between paternal chromosomes or genes and maternal 
cytoplasm; 3) post fertilization, histological changes could also lead to the collapse of immature 
seed. The growth of endosperm can be severely impaired due to the excessive growth of adjacent 
maternal tissue (Cooper & Brink, 1940). Similarly, Rieseberg & Carney (1998) and Tiffin et al. 
(2000) described various mechanisms into two major categories: prezygotic and postzygotic 
barriers. Prezygotic barriers include different flowering times, attractiveness to different 
pollinators, failure of pollen germination and pollen tube elongation, abnormal growth of the 
pollen tube. Postzygotic barriers include embryo/endosperm abortion and weakness or sterility of 
F1 hybrids. More specifically, several mechanisms for postzygotic barriers have been proposed. 
One is Dobzhansky-Muller model, which refers to negative interactions between genes of two 
species, causing inviability or sterility in the hybrid offspring (Rieseberg & Carney, 1998). 
Another is “genome shock”, which can result in changes in gene silencing or mobilization of 
transposable elements (McClintock, 1984). The “genome shock” hypothesis has been supported 
by multiple studies, in which researchers found hybridization is accompanied by changes in gene 
expression patterns, chromatin structure, and DNA methylation (Comai et al., 2000; Pikaard, 
2001; Rieseberg, 2001; Madlung et al., 2002).  
Solutions to overcome interspecific barriers have been developed. Effective in vitro 
culture techniques using pollinated flowers, ovaries, ovules, and embryos to rescue the 
interspecific hybrids that would otherwise degenerate during the early developmental stages have 
been developed. Nishi et al. (1970) successfully obtained interspecific hybrids between cabbage 
(Brassica oleracea) and Chinese cabbage (B. pekinensis) using embryo culture. Fertile 
interspecific hybrids between Oryza sativa L. and O. glaberrima Steud. were produced through 
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natural hybridization in certain populations (Jones et al., 1997). In sorghum, interspecific hybrids 
have been easily made between Sorghum bicolor and its secondary gene pool species S. 
propinquum and S. halepense. And more recently, the discovery of the iap gene locus (Inhibition 
of alien pollen), which controls incompatibility between pistils of S. bicolor and alien pollen, 
enabled interspecific hybrids between S. bicolor and three tertiary gene pool species: S. 
macrospermum, S. nitidum (Vahl) Pers., and S. angustum S.T. Blake using homozygotes for the 
iap allele (Laurie & Bennett, 1989; Price et al., 2006). In cotton, Sacks (2008) obtained 
interspecific hybrids between tetraploid upland cotton (Gossypium hirsutum L.) and diploid G. 
arboretum and assessed the effects of different media compositions and antimicrobial 
compounds. Wild soybeans (Glycine soja Seib. and Zucc.) have been used to introduce exotic 
genes into cultivated soybean (G. max L., Merr.) (Akpertey et al., 2014). It would be valuable to 
evaluate which factors affect the efficiency of obtaining progeny from crosses between 
Miscanthus and Saccharum. 
1.5 Marker Assisted Selection 
Genetic Markers and Genetic Mapping 
Since the discovery and application of the first enzyme-based molecular markers, allozymes 
(Hunter & Markert, 1957), in less than half a century, molecular markers have undergone 
tremendous development and have been used extensively (Schöltterer, 2004). Due to limited 
numbers of informative marker loci and insensitivity in detecting variation in DNA, allozymes 
are not well-suited for mapping and association studies (Lewontin & Hubby, 1966; Schlötterer, 
2004). Soon after the application of allozymes in the 1960s, the discovery of restriction 
endonucleases was a milestone in DNA manipulation techniques (Arber & Linn, 1969; Hamilton 
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& Wilcox, 1970; Danna & Nathans, 1971), enabling the development of molecular markers 
based on DNA. Currently, DNA markers can be classified into three groups based on detection 
methods and throughput: 1) hybridization-based markers including restriction fragment length 
polymorphisms (RFLPs) (Botstein et al., 1980) and variable number tandem repeats (VNTR) 
(Nakamura et al., 1987); 2) polymerase chain reaction (PCR)-based markers, including random 
amplification of polymorphic DNA (RAPD) (Williams et al., 1990), sequence characterized 
amplified regions (SCARs) (Paran & Michelmore, 1993), amplified fragment length 
polymorphism (AFLP) (Vos et al., 1995), and microsatellites or simple sequence repeat (SSR) 
(Hamada et al., 1982; Jacob et al., 1991); 3) DNA sequence-based markers, single nucleotide 
polymorphism (SNPs) (Berger et al., 2001). Among the markers mentioned above, SSRs and 
SNPs now are predominant in genetic analysis (Duran et al., 2009). 
Genetic markers have had a significant impact on plant breeding. In plant breeding, 
genetic mapping is the process of assigning genetic markers to different linkage groups and 
determining the order and recombination distances between the markers (Jones et al., 1997). 
Development of linkage maps has been used extensively to identify quantitative and qualitative 
trait loci responsible for traits of interest, a process as known as QTL mapping. Combined with 
conventional breeding, utilization of genomic tools like QTL mapping enabled plant breeders to 
achieve a remarkable progress in increasing crop yields and improving quality, a process as 
known as marker-assisted selection (Lande & Thompson, 1990; Holland, 2001; Bernardo & 
Charcosset, 2006; Xu & Crouch, 2007). 
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QTL Analysis Methods 
The simplest method for QTL mapping is single marker analysis (SMA), which considers each 
marker independently. Individuals in the population are split into groups based on genotypes at a 
given marker, and average phenotypes of respective genotype classes are compared. For 
example, in a backcross, linkage of a marker to a QTL is performed using t-test. In an intercross 
population, such association is performed using analysis of variance (ANOVA) (Soller et al., 
1976). The advantages of SMA are its simplicity, and no special software is required. However, 
key disadvantages are that individuals with missing marker genotypes will be omitted, and we 
have no opportunity to inspect inter-marker regions and therefore we can only obtain poor 
information about QTL location. Also, SMA has limited ability to separate linked QTL and no 
ability to evaluate possible interactions among QTL (Broman, 2001). 
Interval mapping (IM) improves the SMA method by taking account of missing genotype 
data at a putative QTL. Lander and Botstein (1989) first proposed this method and tested it on 
RFLP linkage maps. Since then, interval mapping gained wide acceptance and for a time became 
the most popular method for experimental crosses (Broman, 2001). Thereafter, several 
modifications of interval mapping methods were published. These improved versions are: Haley-
Knott interval mapping (Haley and Knott, 1992; Martínez & Curnow, 1992), extended Haley-
Knott method (Feenstra et al., 2006), multiple imputation method (Sen & Churchill, 2001). 
These various methods differ in their treatment of missing genotype data (Broman, 2001). 
Doerge & Rebaї (1996) reviewed statistical methods for obtaining threshold values for QTL 
detection via interval mapping and concluded that deviations from normality of the trait 
distribution and sample size are both factors that affect the threshold level used in QTL 
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detection. Although IM has improved analysis power over SMA, IM assumes a single QTL 
segregating on each chromosome, and interactions between QTL are still not considered. 
Composite interval mapping (CIM) was independently developed by Zeng (1993, 1994), 
Jansen (1993), and Jansen and Stam (1994). In CIM, an initial exploratory step is to select a set 
of markers as covariates. Once the set of markers has been chosen, IM is performed with selected 
markers as covariates to identify additional QTL. The chief value of using covariates is to reduce 
residual variation and so clarify evidence for further QTL. CIM has been proven to be a very 
useful strategy, and is implemented in the widely used software QTL Cartographer (Basten et al., 
2002). Even though, CIM is also not perfect. The choice of covariates is critical, too many or too 
few markers will reduce the power to detect QTL (Broman, 2001).  
Multiple QTL Mapping (MQM) is a refined descendant of CIM. MQM performs an 
automatic three-stage procedure in search of QTL. In the first stage, missing data is modeled 
with their estimated probabilities. In the second stage, important markers are selected by multiple 
regression and backward elimination. In the third stage, QTL searching is moved along the 
chromosome with pre-selected markers as cofactors. Therefore, MQM and CIM have many 
common characteristics, however, MQM has advantages over CIM in that it reduces type I error 
(a QTL is declared at a location where there is no QTL) and type II error (a QTL is missed at a 
location where there is QTL) (Jansen, 1994). Currently, MQM is implemented in two popular 
QTL analysis software packages: MapQTL (Van Ooijen et al., 2009) and R/qtl (Broman et al., 
2003). 
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Joint Linkage QTL Analysis  
Linkage analysis based on a single bi-parental population is effective but has multiple limitations. 
In plant breeding, most traits are quantitatively inherited and controlled by many genes with 
minor effects. Though bi-parental linkage mapping is effective to identify QTL associated with 
traits, the results often vary from population to population even within the same species, and 
therefore are frequently not transferable among populations (Würschum, 2012; Ogut et al., 2015). 
This is mainly due to limited genetic heterogeneity in a single bi-parental population. When 
many genes control a trait, different subsets of genes can segregate in different populations 
(Holland, 2007). In addition, the limited number of progeny in mapping populations tends to 
skew the distribution of QTL effects and limit the number of QTLs identified in many studies 
(Beavis, 1998).  
Several approaches have been developed to enhance the inference space of QTL studies. 
One method is meta-analysis, whereby the results of multiple experiments are summarized and 
evaluated statistically (Wu & Hu, 2012). Meta-analysis provides useful summaries of genetic 
architectures of traits, however, it implicitly assumes QTL additivity and is complicated by 
ascertainment bias and by differences in experimental techniques, statistical analyses, and 
environments among studies (Holland, 2007). Another approach is to map QTL in extant 
breeding lines with known pedigree relationships. Given pedigree and marker information, 
different lines in complex populations can be defined, allowing estimation of the effects of each 
QTL allele (Crepieux et al., 2005; Zhang et al., 2005). A third method is association mapping, 
which identifies QTL across a broader spectrum of germplasm with high resolution, if population 
structure and cryptic relatedness among individuals can be effectively controlled (Hirschhorn & 
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Daly, 2005; Lipka et al., 2015). More powerful analyses could be performed by using 
interconnected populations that share parents (Blanc et al., 2006). For example, diallel cross 
(Rebai & Goffinet, 1993) and factorial mating design (Billotte et al., 2010) have been proved to 
be efficient in QTL detection. Recently, a nested association mapping (NAM) design comprised 
of 25 recombinant inbred line (RIL) populations nested by a common parent was implemented in 
maize (Yu et al., 2008). The NAM design integrates the advantages of linkage analysis and 
association mapping. Power and resolution of joint linkage QTL analysis with this maize NAM 
population was recently demonstrated for flowering time (Buckler et al., 2009), leaf architecture 
(Tian et al., 2011), inflorescence architecture (Brown et al., 2011), disease resistance (Poland et 
al., 2011), kernel color (Chandler et al., 2012) and several other traits. Soybean NAM 
populations established by crossing 40 RIL parents to the cultivar IA3023 are currently being 
developed (Stupar & Specht, 2013). Joint linkage QTL analysis has been effective even for 
small-scale NAM populations. For example, joint linkage QTL analyses with three Arabidopsis 
RIL populations nested by a common parent could detect more QTL than those identified by 
linkage analysis in each of the three populations (Li et al., 2011). However, genotyping of 
soybean populations with only partially overlapping sets of markers had a significant negative 
effect on QTL detection by joint linkage QTL analyses using two to six nested RIL populations 
(Lee et al., 2014). 
Genome-Wide Association Study (GWAS) 
Genome-wide association studies detect marker-trait associations using data derived from a 
diversity panel which consists of individuals with complex relatedness or diverse geographical 
origin (Lipka et al., 2015). In contrast with bi-parental mapping, the two methods mainly differ 
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in their capture of recombination events. While bi-parental crosses only capture recent 
recombination events that occurred during population establishment, diversity panels could 
capture a greater number of historical recombination events that occurred during the evolution of 
the sampled individuals. 
Population structure in diversity panels could result in spurious associations (Yu et al., 
2006). Unlike bi-parental populations, which have a clearly defined population structure 
determined by the mating scheme, individuals in diversity panels often have a complex 
relatedness, which can arise naturally in the form of herds, colonies, ethnic groups or other types 
of aggregations. To minimize false positive results and increase statistical analysis power, the 
basic statistical model used in QTL mapping is typically expanded in GWAS with covariates for 
population structure and kinship (Zhu et al., 2008). There are several methods that use genetic 
markers to quantify the population structure, some common ones being STRUCTURE (Pritchard 
et al., 2000), principal component analysis (PCA) (Price et al., 2006), and discriminant analysis 
of principal components (DAPC) (Jombart et al., 2010). It is recommended to conduct model 
selection to determine the optimal number of fixed effect covariates in the GWAS model (Lipka 
et al., 2012). 
Cryptic relatedness among individuals in a diversity population can also lead to spurious 
associations. Whereas population structure generally describes remote common ancestry of large 
groups of individuals, cryptic relatedness refers to recent common ancestry among smaller 
groups. Devlin and Roeder (1999) argued that cryptic relatedness could pose a more serious 
confounding problem than population structure. For this reason, the inclusion of a kinship matrix 
as random effect into GWAS model is often advantageous (Yu et al., 2006; Kang et al., 2010). 
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There are several approaches to estimate pairwise kinship coefficients among individuals in a 
diversity population. Thompson (1975) proposed maximum likelihood estimates (MLEs) of the 
Cotterman coefficients, while Milligan (2003) made a detailed study of MLEs under the 
Jacquard model. These MLEs can be prone to bias when the number of markers is small and can 
be computationally intensive to obtain particularly from genome-wide datasets (Ritland, 1996). 
Loiselle et al. (1995) proposed using identity-by-state to estimate identity-by-decent, which is 
preferred because it has a biologically related interpretation (Lipka et al., 2015). 
The statistical models used to detect genotype-phenotype associations in plant GWAS 
have been mainly based on the unified mixed linear model (Yu et al., 2006). Many other 
methods have been developed to efficiently estimate variance components to reduce the 
computational burden (Lippert et al., 2011; Wang et al., 2014). The most commonly used 
methods for GWAS of plant populations include efficient mixed-model association (EMMA) 
(Kang et al., 2008), EMMA eXpedited (EMMAX) (Kang et al., 2010), population parameters 
previously determined (P3D) (Zhang et al., 2010), and compressed mixed linear model (Zhang et 
al., 2010; Li et al., 2014). Although mixed models have been shown to handle the confounding 
effects of a diffuse background of large number of loci of small effect well, they do not always 
account for loci of larger effect (Segura et al., 2011). Explicit use of multiple cofactors in the 
statistical model is a standard in traditional linkage mapping, where both composite interval 
mapping and multiple-QTL mapping have been shown to outperform simple interval mapping. 
Based on this argument, Segura et al. (2012) developed multi-locus mixed-model (MLMM) 
method for genome-wide association studies. And most recently, the Fixed and random model 
Circulating Probability Unification (FarmCPU) method enables efficient computation, removes 
cofounding, prevents model over-fitting, and controls false positives simultaneously (Liu et al., 
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2016). Commonly used software for GWAS include PLINK (Purcell et al., 2007), rrBLUP 
(Endelman, 2011), GWASTools (Gogarten et al., 2012), GAPIT (Lipka et al., 2012), MLMM 
(Segura et al., 2012) and GAPIT Version2 (Tang et al., 2016) and TASSEL5 (Bradbury et al., 
2007). 
1.6 Genetic Mapping Progress in Miscanthus 
As Miscanthus is an obligately outcrossing species due to self-incompatibility, genetic mapping 
has typically been conducted using the pseudo-testcross strategy on F1 progeny (Grattapaglia & 
Sederoff, 1994). The first M. sinensis genetic map was published by Atienza et al. (2002) using 
257 randomized amplified polymorphic DNA (RAPD) markers, which resulted in 28 linkage 
groups (LGs), rather than the expected haploid chromosome number 19; four QTL studies 
focusing on yield, yield components, and combustion quality were then conducted on this 
population (Atienza et al., 2003a,b,c,d). Kim et al. (2012) published two SSR-based parental 
maps using an interspecific cross population derived from M. sacchariflorus ‘Robustus’ and M. 
sinensis, but these maps were also incomplete due to insufficient genetic markers. In recent 
years, three complete genetic maps have been published for M. sinensis using next generation 
sequencing technology. Ma et al. (2012) constructed a high-resolution complete genetic map of 
M. sinensis with 19 LGs for the first time. Swaminathan et al. (2012) constructed an integrated 
map for M. sinensis with 658 single nucleotide polymorphism (SNP) and 210 SSR markers 
which resolved into the 19 expected LGs. Gifford et al. (2015) performed a QTL study for 
biomass productivity using the M. sinensis genetic map of Swaminathan et al. (2012) and 
identified 72 QTLs for thirteen traits. By using restriction site associated DNA sequencing 
(RAD-seq), Liu et al. (2015) developed a high density composite genetic map as well as two 
21 
 
 
parental maps for an M. sinensis F1 mapping population and revealed inheritance of leaf zebra 
stripe. Previous genetic mapping studies have concentrated primarily on M. sinensis. An 
incomplete genetic map of M. sacchariflorus (40 LGs instead of the expected 19) was described 
by Kim et al. (2012) but to the best of our knowledge, no complete M. sacchariflorus genetic 
map has yet been published. 
Genome-wide association studies have been limited in Miscanthus. To date, three 
genome-wide association studies on Miscanthus has been published. Slavov et al. (2013) studied 
17 traits related to phenology, biomass and cell wall composition on a panel of 138 M. sinensis 
and detected 17 marker-trait associations. Clark et al. (2016) reported five significant marker-
trait associations using 160 M. sacchariflorus genotypes, including three for stems per area, one 
for plant height and one for stem diameter. Nie et al. (2016) used 138 M. sinensis accessions and 
identified twelve significant marker-trait associations for biomass yield. 
In summary, previous studies already observed substantial genetic diversity within 
Miscanthus, indicating opportunities to develop it into an important feedstock crop for the 
emerging bioenergy industry. Although field trials, population structures, evolutionary and 
genetic mapping studies have been performed, limited information of Miscanthus is available 
compared to other grass crops (sorghum, maize, switchgrass). A greater understanding of 
Miscanthus trait diversity, population structures, and evolution, especially in the context of other 
Saccharinae, is needed. Further research needs to combine information from different disciplines, 
including population genetics, cytogenetics, molecular genetics, and genomics. 
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CHAPTER 2 
GENETIC MAPPING FOR BIOMASS YIELD IN THREE BI-PARENTAL 
MISCANTHUS POPULATIONS THAT SHARE A COMMON PARENT 
2.1 Abstract 
Improving biomass yield is a major goal of Miscanthus breeding. We conducted a study on one 
interspecific M. sinensis × M. sacchariflorus F1 population and two intraspecific M. sinensis F1 
populations, each of which shared a common parent. A field trial was established at Urbana, IL 
during spring 2011, and phenotypic data was collected in 2012 and 2013 for fourteen yield traits. 
Six high-density parental genetic maps, as well as a consensus genetic map integrating M. 
sinensis and M. sacchariflorus, were developed via the pseudo-testcross strategy for non-inbred 
parents with ≥1,214 single nucleotide polymorphism markers generated from restriction site-
associated DNA sequencing. We confirmed for the first time a whole-genome duplication in M. 
sacchariflorus relative to Sorghum bicolor, similar to that observed previously for M. sinensis. 
Four quantitative trait locus (QTL) analysis methods for detecting marker-trait associations were 
compared: 1) individual parental map composite interval mapping (CIM) analysis, 2) individual 
parental map stepwise analysis, 3) consensus map single-population stepwise analysis and 4) 
consensus map joint-population stepwise analysis. These four methods detected 288, 264, 133, 
and 109 total QTLs, which resolved into 157, 136, 106, and 86 meta-QTLs based on QTL 
congruency, respectively, including a set of 59 meta-QTLs common to all four analysis methods. 
Composite interval mapping and stepwise analysis co-identified 118 meta-QTLs across six 
parental maps, suggesting high reliability of stepwise regression in QTL detection. Joint-
population stepwise analysis yielded the highest resolution of QTLs compared to the other three 
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methods across all meta-QTLs. Strong, frequently advantageous transgressive segregation in the 
three populations indicated a promising future for breeding new higher-yielding cultivars of 
Miscanthus. 
2.2 Introduction 
Miscanthus is a promising biomass crop for production of lignocellulosic ethanol and 
bioproducts in the USA and Europe (Somerville et al., 2010). Currently only a single sterile 
triploid genotype of M. × giganteus (M×g) (3n=57), which was derived from an interspecific 
cross between M. sinensis (2n=38) and M. sacchariflorus (4n=76), is commercially grown for 
bioenergy (Hodkinson et al., 2002; Głowacka et al., 2014). We refer to this genotype as M×g 
‘1993-1780’ in reference to its accession number in the Kew Living Collection (Hodkinson & 
Renvoize, 2001). Because this commercial genotype of M×g ‘1993-1780’ is a sterile triploid, it 
cannot be used as a parent to improve the yield potential of Miscanthus. New cultivars with 
better adaptation to target biomass-production environments are needed (Sacks et al., 2013; 
Clark et al., 2014). Our laboratory and others are currently working to breed new M×g cultivars 
that out-perform the current commercial genotype (Purdy et al., 2015), and such efforts would 
greatly benefit from marker-assisted selection.  
Mapping the Miscanthus genome for quantitative trait loci (QTLs) associated with 
valuable traits will enable marker-assisted selection in this crop. As Miscanthus is an obligately 
outcrossing species due to self-incompatibility, genetic mapping has typically been conducted 
using the pseudo-testcross strategy on F1 progeny (Grattapaglia & Sederoff, 1994). The first M. 
sinensis genetic map was published by Atienza et al. (2002) using 257 randomized amplified 
polymorphic DNA (RAPD) markers, which resulted in 28 linkage groups (LGs), rather than the 
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expected haploid chromosome number 19; four QTL studies focusing on yield, yield 
components, and combustion quality were then conducted on this population (Atienza et al., 
2003a,b,c,d). Kim et al. (2012) published two SSR-based parental maps using an interspecific 
cross population derived from M. sacchariflorus ‘Robustus’ and M. sinensis, but these maps were 
also incomplete due to insufficient genetic markers. In recent years, three complete genetic maps 
have been published for M. sinensis using next generation sequencing technology. Ma et al. 
(2012) constructed a high-resolution complete genetic map of M. sinensis with 19 LGs for the 
first time. Swaminathan et al. (2012) constructed an integrated map for M. sinensis with 658 
single nucleotide polymorphism (SNP) and 210 SSR markers which resolved into the 19 
expected LGs. Gifford et al. (2015) performed a QTL study for biomass productivity using the 
M. sinensis genetic map of Swaminathan et al. (2012), based on a cross between two ornamental 
M. sinensis cultivars of southern Japanese provenance (Clark et al., 2014, 2015), and identified 
72 QTLs for thirteen traits. By using restriction site associated DNA sequencing (RAD-seq), Liu 
et al. (2015) developed a high density composite genetic map as well as two parental maps for an 
M. sinensis F1 mapping population and revealed inheritance of leaf zebra stripe. Previous genetic 
mapping studies have concentrated primarily on M. sinensis. An incomplete genetic map of M. 
sacchariflorus (40 LGs instead of the expected 19) was described by Kim et al. (2012) but to the 
best of our knowledge, no complete M. sacchariflorus genetic map has yet been published. 
All prior QTL analyses in Miscanthus have relied on single bi-parental populations. 
Populations derived from a multi-cross design sharing one common parent, however, can have 
greater power for QTL detection through joint linkage analysis, and provide a broader genetic 
base for QTL discovery and allele-mining (Holland, 2007; Yu et al., 2008). The power of joint 
linkage analysis has been demonstrated in maize NAM populations for flowering time (Buckler 
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et al., 2009), leaf architecture (Tian et al., 2011), inflorescence architecture (Brown et al., 2011), 
disease resistance (Negeri et al., 2011; Poland et al., 2011), kernel color (Chandler et al., 2012). 
Moreover, joint linkage analysis was proven to be effective even in a small-scale Arabidopsis 
NAM population (Li et al., 2011). 
In this study, we used RAD-seq to develop high-density parental maps for three mapping 
populations, as well as a high-density consensus map encompassing M. sinensis and M. 
sacchariflorus. For fourteen biomass traits, four QTL analysis methods were evaluated: 
individual parental map analysis with both CIM and stepwise analyses, consensus map single-
population stepwise analysis, and consensus map joint-population stepwise analysis. The 
objectives of this study were to: 1) develop a high-density consensus genetic map for M. 
sacchariflorus and M. sinensis, 2) identify QTLs associated with biomass traits and dissect 
allelic effects, 3) investigate repeatability of detected QTLs, and 4) compare the relative merits 
of the four QTL analysis methods. 
2.3 Materials and Methods 
Plant Populations, Experimental Design and Field Management 
Three interconnected diploid F1 populations were developed using M. sinensis ssp. condensatus 
‘Cosmopolitan‘ as a common parent (i.e. each full-sib family was part of a single half-sib family; 
Table 2.1). Two of the other parents, M. sinensis ‘November Sunset‘ and M. sinensis 
‘Silberturm‘, were the same species as ‘Cosmopolitan‘ but the fourth parent, M. sacchariflorus 
‘Robustus‘, was a different species. The M. sacchariflorus ‘Robustus‘ parent in this study is 
identical to the genotype used by Kim et al. (2012). All the parents were diploid ornamental 
cultivars. The provenance of the M. sinensis parents was previously determined to be from 
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central and southern Japan (Clark et al., 2014, 2015). Though ‘Cosmopolitan‘ has variegated 
leaves with white longitudinal stripes, all of its progeny in this study had completely green 
leaves. In total, 652 progeny were studied (Table 2.1). The crosses were made in isolated 
greenhouse bays at the University of Illinois Urbana-Champaign in 2010. A common set of 
thirteen Miscanthus genotypes, including the four parents and M×g ‘1993-1780’, were included 
in the field trials of each population to test potential environmental effects and genotype by 
environment interaction effects. Each progeny and control genotype was vegetatively propagated 
by dividing rhizomes and establishing ramets in 36-cell plug trays (PL-36-STAR*, T.O. Plastics, 
Clearwater, MN, USA) and grown in a greenhouse. 
Three field trials (one per population) were established on June 15-21, 2011 at the 
University of Illinois Energy Farm in Urbana, IL (40°3‘57‘‘ N, 88°11‘43‘‘ W; USDA hardiness 
zone 6, avg. min. temp.: -23.3 °C). For each population and 13 in-common control genotypes, a 
field trial was arranged in a randomized complete block design with three replications. Because 
the three field trials were not conducted in a single contiguous area of land, we refer to them as 
locations when describing statistical analyses to compare the performance of the control 
genotypes over the different trials on the Energy Farm. Each plot contained one plant. The 
spacing between and within rows was 1.5 m. Irrigation was applied as needed during the first 
year to ensure good establishment and discontinued in subsequent years. Soil type was Flanagan 
silt loam. In the spring of each year, 100.8 kg N ha
-1
 was applied. To control weeds, Atrazine at 
2.8 kg ha
-1
, S-metolachlor at 1.5 L ha
-1
 and 2,4-D at 1.8 L ha
-1
 were applied. Hand-weeding was 
conducted as needed.   
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Phenotypic Data Analysis 
The evaluation system to obtain phenotypic trait data is described in Table 2.2. In both 2012 
(year 2) and 2013 (year 3), phenotypic data of 12 traits, including basal circumference (BC), 
compressed circumference (CC), ratio of compressed circumference to basal circumference 
(CC/BC), culm dry weight (CmDW), diameter of basal internode (DBI), diameter of topmost 
internode (DTI), culm volume (CmVol), culm density (CmDen), culm node number (CmNN), 
plant height (Ht), yield per plant (YPP), and yield per footprint (YPF) were obtained for all three 
populations. Axillary bud number was also recorded in 2012 and 2013, but only for MapA 
because only this population segregated for the trait. An additional six flowering time traits, 
including first and 50% flagging date, heading date, and flowering date, were collected in 2013 
for all three populations. Because the six flowering traits were highly correlated (≥0.80), 
principal component analysis (PCA) was conducted to reduce redundancy and principal 
component 1 (PC1) was used as a single flowering time trait for QTL analysis. PC1 explained 
96.38%, 81.94%, and 84.91% of the variance in the six flowering time traits for MapA, MapB, 
and MapC, respectively (Table A.1). Therefore, a total of fourteen traits were included in the 
QTL analyses (Table 2.2). Because first flowering date is more readily interpreted than PC1, we 
present the former in subsequent tables and Figs. of means, heritabilities, and correlations.  
Initial analyses of variance (ANOVAs) were conducted for just the thirteen control 
genotypes across the three field plantings to investigate possible effects of environment and 
genotype by environment interactions. Because no significant environment or genotype by 
environment interactions were detected in the ANOVAs for the controls (Dataset A.1), 
subsequent ANOVA analyses of the three progeny populations (i.e. field trials) were conducted 
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independently and least squares means (LSmeans) estimated without adjustment for further 
between-population comparisons. To obtain LS means, mixed model ANOVAs were performed 
with SAS procedure MIXED, where genotype was a fixed effect and the remaining variables 
were random. Fisher’s LSD test was conducted to compare trait means among three plantings at 
α=0.05. Using Dunnett’s test at α=0.05, trait means of each progeny genotype were compared to 
the control, M×g ‘1993-1780’, because it is the current gold standard in Miscanthus biomass 
production. To enable us to calculate heritability, variance components for each trait in each 
population were estimated with SAS procedure MIXED using a completely random model. 
Broad-sense heritabilities were calculated as: 
𝐻2 = 𝜎𝑔
2/(𝜎𝑔
2 + 𝜎𝑔𝑦
2 /Y + 𝜎𝑒
2/RY) 
where 𝐻2 is the broad-sense heritability, 𝜎𝑔
2 is the genetic variance, 𝜎𝑔𝑦
2  is the genotype by year 
interaction variance, 𝜎𝑒
2 is the error variance, Y is the number of years, and R is the number of 
replications. Pearson correlation coefficients between traits were calculated using Proc Corr 
procedure. Genetic correlations were calculated from estimates of genetic covariance as 
described by Howe et al. (2000) using the following equation:  
𝑟𝑔 = 𝜎𝑐(𝑥𝑦)/[𝜎𝑐(𝑥)
2 𝜎𝑐(𝑦)
2 ]1/2 
where 𝜎𝑐(𝑥)
2  and 𝜎𝑐(𝑦)
2  are the genetic variance components for traits x and y, and 𝜎𝑐(𝑥𝑦) is the 
corresponding covariance component, calculated according to the formula (𝜎𝑐(𝑥+𝑦)
2 − 𝜎𝑐(𝑥)
2 −
𝜎𝑐(𝑦)
2 )/2. 
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Marker Development 
RAD libraries were prepared using a PstI-MspI enzyme system as described previously (Clark et 
al., 2014). Progeny DNA samples of all three populations were replicated twice for sequencing, 
and parent DNA samples were replicated on all libraries within each population, so as to 
improve read depth and reduce missing data, which is especially important for correctly calling 
heterozygous loci in obligately outcrossing species such as Miscanthus. All libraries were 
sequenced on a HiSeq 2000 (Illumina, San Diego, CA, USA) with 100 bp single-end reads at the 
Roy J. Carver Biotechnology Center at the University of Illinois. SNP discovery was performed 
using the UNEAK pipeline in TASSEL (version 3.0 standalone; Lu et al., 2013) with a minimum 
call rate of 0.9 and minor allele frequency of 0.1. Because the UNEAK pipeline does not give a 
single name to the same SNPs across multiple projects, we used the Python program ‘TagDigger‘ 
to rename all markers based on tag sequences (Clark & Sacks, 2016), which enabled a direct 
search of co-segregating markers across the three F1 populations. 
Genetic Map Construction 
Initially, six parental genetic maps were constructed using JoinMap 4.1 (Van Ooijen, 2011) at a 
minimum of independence logarithm of odds (LOD) score of 11. SNPs within each LG were 
ordered using the regression mapping algorithm, and inter-marker distances were estimated 
using the Kosambi mapping function (Kosambi, 1944). To confirm the name and orientation of 
each LG, 64-nucleotide RAD tags of mapped SNP markers on each parental map were then 
aligned against the Sorghum bicolor reference genome (version 2.0; Paterson et al., 2009) using 
Bowtie2 (version 2.2.5; Langmead & Salzberg, 2012) with parameters set for high sensitivity (-
D 20 -R 3 -N 1 -L 18 -i S,1,0.50 -local). 
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Consensus maps were constructed using linear programming algorithm LPmerge 
(Endelman & Plomion, 2014). An M. sinensis consensus map was developed by merging the five 
M. sinensis parental maps based on co-segregating markers. A consensus genetic map for all the 
Miscanthus parents, including M. sacchariflorus, was constructed in two steps using an F2 
population as a bridge, due to insufficient numbers of co-segregating markers (only 28) between 
the M. sacchariflorus ‘Robustus‘ genetic map and the other five M. sinensis parental maps. The 
F2 population was obtained by bulking seeds of 50 F1 individuals (Kaiser & Sacks, 2015). 
Initially, an F2 population of 281 individuals derived from the MapA F1 population (Table 2.1) 
was used to construct a genetic map based on the recombination of the M. sacchariflorus and M. 
sinensis genomes, which was subsequently used to bridge between the M. sacchariflorus 
‘Robustus‘ map and the M. sinensis consensus map. Finally, a high-density Miscanthus 
consensus genetic map encompassing one M. sacchariflorus genetic map and five M. sinensis 
genetic maps was successfully constructed using LPmerge. Missing data, which were not 
allowed in the joint-population analysis, were imputed to the mean of flanking informative 
marker genotypes and weighted by genetic distance (Brown et al., 2011). 
QTL Analyses 
Four QTL analysis strategies were compared: 1) individual parental map CIM analysis, 2) 
individual parental map stepwise analysis, 3) consensus map single-population stepwise analysis, 
and 4) consensus map joint-population stepwise analysis. These analyses were conducted to 
determine their merits in QTL detection and validate identified QTLs across different methods. 
Individual parental map CIM analysis was performed using R/qtl (Broman et al., 2003). 
Individual parental map stepwise analysis, consensus map single-population stepwise analysis, 
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and consensus map joint-population stepwise analysis were performed using the stepwise 
function in TASSEL 5 (Bradbury et al., 2007). Following each of the aforementioned four 
analyses, meta-QTL analysis was performed for each trait using BioMercator V3 (Sosnowski et 
al., 2012) to examine QTL consistency across environments and populations, and also to refine 
QTL positions on the consensus map. To facilitate comparisons among QTLs identified from the 
four analysis methods, confidence intervals of QTLs were calculated using the formula of 
Darvasi & Soller (1997):  
CI =
530
𝑁𝑅2
 
where N is the population size and R
2
 is the proportion of the phenotypic variance explained by 
the QTL. Additional details of the QTL analyses are provided in the Appendix A. Subsequently, 
we compared our QTLs with those identified in previously published Miscanthus mapping 
studies (Clark et al., 2016; Gifford et al., 2015; Slavov et al., 2014). Because the Miscanthus 
markers in Slavov et al. (2014) and Gifford et al. (2015) were aligned against S. bicolor genome 
v1.0, whereas the markers in Clark et al. (2016) and this study were aligned against S. bicolor 
genome v2.0, we re-aligned the Miscanthus markers in Slavov et al. (2014) and Gifford et al. 
(2015) against S. bicolor genome v2.0 using blastn 2.2.31+ (Camacho et al., 2009). 
2.4 Results 
Phenotypic Data Analysis 
Substantial and highly significant differences among progeny were observed for all traits within 
each population (Fig. 2.1, Dataset A.2). Transgressive segregation was observed for most traits 
in each population (Fig. 2.1, Dataset A.3). Among the three field trials, location effects and 
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genotype by location interaction effects were not significant in any of the traits for the thirteen 
control genotypes (Dataset A.1). However, Fisher’s LSD test indicated that all pairwise 
comparisons of the three progeny population means were significantly different for culm dry 
weight, culm volume, culm basal internode diameter, culm topmost internode diameter, plant 
height, and flowering time in both 2012 and 2013 (Dataset A.4). For compressed circumference, 
ratio of compressed circumference to basal circumference, culm density, culm node number and 
yield per footprint, among the three pairwise comparisons of population means, at least one 
significant between-population comparison was observed. Within year, the three population 
means did not differ significantly for basal circumference or yield per plant, though significant 
differences among years were observed. The most striking difference among the three 
populations was the date of first flowering. MapA was the earliest population with an average 
flowering time of 16 Aug 2013, followed by MapB on 4 Sep 2013, and MapC being the latest on 
19 Sep 2013 (Fig. 2.1, Dataset A.3). M×g ‘1993-1780’, which is the current gold standard for 
Miscanthus biomass production, was superior to most individuals of the three populations for 
basal circumference, axillary bud number (compared with MapA only), culm density, culm dry 
weight, culm node number, plant height and yield per plant (Fig. 2.1, Dataset A.3). 
Average yield per plant for M×g ‘1993-1780’ was 2,155 g (9.6 t ha-1) in 2012 and 5,513 g 
(24.5 t ha
-1
) in 2013 (Dataset A.3, Fig. 2.1). In comparison to M×g ‘1993-1780’, population 
means for yield per plant (Dataset A.3, Fig. 2.1) were significantly lower in MapA, MapB and 
MapC during both 2012 (982 g, 1,182 g, 807 g, respectively) and 2013 (2,026 g, 2,134 g and 
2,084 g, respectively). Only 23 progeny of MapB in 2012 had greater yield per plant than M×g 
‘1993-1780’ (Dataset A.3, Fig. 2.1), whereas no other combination of progeny genotype and year 
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produced greater biomass per plant than the high-yield control. Plant height was similar to yield 
per plant in that only 24 progeny of MapB in 2012 were taller than M×g ‘1993-1780’ (Dataset 
A.3, Fig. 2.1), whereas all other combinations of progeny genotype and year were shorter than 
the control. In contrast, for each population, average yield per footprint was similar to that of 
M×g ‘1993-1780’ in each year; moreover, a substantial percentage of progeny in each population 
had greater yield per footprint than M×g ‘1993-1780’ (84%, 25% and 71% in 2013 for MapA, 
MapB and MapC, respectively; Dataset A.3, Fig. 2.1). Consistent with the yield per footprint 
data, each population also had a high percentage of progeny with a greater ratio of compressed 
circumference to basal circumference than M×g ‘1993-1780’, especially in 2013 (Dataset A.3, 
Fig. 2.1). 
Heritability estimates (Table 2.3) were generally higher in 2013 (year 3) than 2012 (year 
2). Flowering time heritabilities were consistently high (≥ 0.76) across the three populations. 
Axillary bud number heritabilities in MapA were also high (≥ 0.75). For the other twelve traits, 
the two-year heritability estimates ranged from 0.39 for the ratio of compressed circumference to 
basal circumference to 0.90 for axillary bud number in MapA, 0.44 for culm density to 0.78 for 
plant height in MapB, and 0.62 for culm density to 0.87 for culm node number in MapC (Table 
2.3). 
Genetic correlations (Table 2.4, Dataset A.5) in year 3 between yield per footprint and 
ratio of compressed circumference to basal circumference were moderate to strong for each of 
the three populations (0.63-0.90); similarly, they were moderate for compressed circumference 
(0.56-0.64). Yield per footprint had moderate genetic correlations (0.33-0.49), and moderate to 
strong phenotypic correlations (0.42-0.71), with yield per plant; no strong genetic or phenotypic 
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correlations were observed between yield per plant and any of the other traits. For each of the 
three populations, weak or moderate genetic correlations were observed between plant height 
and yield per plant (0.22-0.44) or yield per footprint (0.09-0.34), but the phenotypic correlations 
were usually higher (0.53-0.60 for yield per plant and 0.23 to 0.45 for yield per footprint) than 
the genetic correlations, indicating that environment can bias upwards the phenotypic correlation 
between yield and plant height. For flowering time, genetic and phenotypic correlations with 
yield per footprint or yield per plant were typically weak or non-significant, and many were 
negative (Table 2.4). For yield per footprint, other moderate genetic correlations in year 3 were 
observed with basal circumference (-0.52, MapB), diameter of basal internode (0.34, MapA), 
culm density (0.35, MapC), culm dry weight (0.35, MapA), flowering time (-0.30, MapC), and 
plant height (0.34, MapB). For yield per footprint, there were a greater number of non-significant 
phenotypic correlations than genetic correlations. For yield per plant, the three largest genetic 
correlations with component traits in year 3 were with compressed circumference (0.60, MapB), 
culm density (0.54, MapC), and plant height (0.44, MapB).  
Genetic Maps 
The female and male genetic maps within each population had the expected 19 LGs. For the six 
parental maps, the number of mapped markers ranged from 1,214-2,351, and map lengths ranged 
from 1,699-2,102 cM (Table 2.5, Figs. 2.2, A.1). Alignment plots confirmed a complete whole-
genome duplication in M. sinensis and M. sacchariflorus relative to Sorghum bicolor (n=10), 
with a subsequent chromosome fusion to produce 19 chromosomes (Fig. A.2). The numbers of 
co-segregating markers between pairs of the six parental maps ranged from 2-556 (Fig. 2.2). 
There were a substantial number of co-segregating markers between the five M. sinensis parental 
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maps (91-556), especially among the three M. sinensis ‘Cosmopolitan‘ maps (346-556). 
Moreover, there was high collinearity of co-segregating markers for the M. sinensis parental 
maps (Fig. A.3). However, between the M. sacchariflorus ‘Robustus‘ map and the other five M. 
sinensis maps, there were only 2-13 markers in common (Fig. 2.2). 
The M. sinensis consensus map consisted of 6,014 markers assembled from five M. 
sinensis parental maps (Fig. A.4a). High collinearity of marker orders was observed between 
five M. sinensis parental maps and the M. sinensis consensus genetic map (Fig. A.4b). The 
MapA-derived F2 population genetic map, which we used to integrate the M. sacchariflorus and 
M. sinensis maps, consisted of 810 markers across 19 LGs (Fig. A.5a). Collinearity of the co-
segregating markers among the F2 genetic map, the M. sacchariflorus ‘Robustus‘ map, and the 
M. sinensis consensus map was confirmed (Fig. A.5b). The interspecific F2 genetic map 
provided 35 co-segregating markers with the M. sacchariflorus ‘Robustus‘ map and 25 co-
segregating markers with the M. sinensis consensus map, which enabled analysis of synteny 
between M. sacchariflorus and M. sinensis and construction of a cross-species consensus genetic 
map. Thus, our Miscanthus consensus genetic map consisted of 7,618 markers assembled from 
the six parental maps (Table 2.5, Fig. 2.3); total map length was 2,223 cM and average inter-
marker spacing was 0.3 cM. Detailed genetic map information including marker names, 
segregating alleles, tag sequences, Miscanthus genetic map positions and corresponding physical 
positions on the sorghum genome (version 2.0) are provided in Dataset A.6. 
QTL Analyses 
Over two years and six parental maps, 288 QTLs were identified with CIM and 264 with 
stepwise regression (Figs. 2.4, A.6, A.7, Table 2.6). Meta-QTL analyses indicated that the CIM-
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derived QTLs and stepwise-derived QTLs resolved into 157 and 136 meta-QTLs, respectively 
(Figs. 2.4, 2.5), including a common set of 118 meta-QTLs. In addition, parental map CIM 
analysis and parental map stepwise analysis produced nearly identical QTL confidence intervals 
(Fig. 2.4). Consensus map single-population stepwise analysis and joint-population stepwise 
analysis identified 133 and 109 QTLs, respectively (Figs. 2.4, A.8, Table 2.6), which resolved 
into 106 and 86 meta-QTLs, respectively (Figs. 2.4, 2.5). Axillary bud number was not included 
in the joint-population analysis because it was phenotyped only in MapA; if we excluded the 
axillary bud number meta-QTLs, there were 130 and 101 meta-QTLs for single-population 
stepwise analysis and joint-population stepwise analysis, respectively. Among three stepwise 
analyses, the number of meta-QTLs in common between individual parental map analyses and 
single-population analyses, between individual parental map analyses and joint-population 
analyses, and between single-population analyses and joint-population analyses were 89, 70, and 
63, respectively (Fig. 2.4). These four analysis methods identified a common set of 59 meta-
QTLs (Figs. 2.4, A.9, Dataset A.7). Of the 59 in-common meta-QTLs, the number identified for 
ratio of compressed circumference to basal circumference, diameter of basal internode, culm 
node number, flowering time, plant height, yield per plant, and yield per footprint were 3, 9, 6, 7, 
5, 2, and 5, respectively. Average confidence intervals around the 59 in-common meta-QTLs for 
the four analysis methods ranged from 17.4–23.2 cM, with the joint-population analysis 
providing the best resolution (Fig. 2.4). Similarly, over all meta-QTLs, the confidence intervals 
ranged from 19.2–26.8 cM, with the shortest interval again produced by the joint-population 
stepwise analysis (Fig. 2.4). 
More QTLs were detected in 2013 (third year growth) than 2012 (second year growth) 
for each of the four QTL analysis methods, with the difference greatest for the individual 
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parental map analysis (180 vs 104), and smallest for the joint-population analysis (66 vs 43) 
(Table 2.6). Of the QTLs identified in 2012, the percentage reidentified in 2013 was lowest for 
the single population analyses (48%); for the individual parental map CIM analyses (54%), 
individual parental map stepwise analyses (56%) and the joint-population analyses (53%), they 
were similarly high (Table 2.5). In comparison, Gifford et al. (2015) reported that 22 out of 36 
QTLs (61%) identified in the first year were re-discovered in the second year analysis for a 
population of 221 M. sinensis F1s.  
Many of the QTLs that we detected colocalize with QTLs for other traits (Figs. 2.5, A.6, 
A.7, A.8, A.9), which was consistent with the moderate to high genetic correlations observed. In 
MapA, a major QTL cluster on LG 10 was found; LGs 3, 4, 7 and 14 also had QTL clusters, 
although with fewer traits having overlapping confidence intervals than the LG10 cluster. 
Interestingly, the QTL cluster on LG 19 was a unique region in the M. sacchariflorus ‘Robustus‘ 
map where no QTLs were identified in the other five M. sinensis genetic maps in this study (Fig. 
A.6). In MapB, LGs 3, 6, 8, 9 and 13 had QTL clusters. In MapC, which was the smallest 
population, only LG 5 had a QTL cluster. 
The four-way cross model in R/qtl together with inferred marker phase information from 
JoinMap provided a means to calculate maternal, paternal and interaction effects of QTL. Most 
QTLs exhibited non-zero interaction effects in each of the three populations (Dataset A.7), 
which suggests some degree of non-additive gene action (i.e. dominance or epistasis). The 
largest allelic main effects (i.e. additive) observed in this study were derived from the MapA 
female parent M. sacchariflorus ‘Robustus‘ for basal circumference (68.4 cm) and first flowering 
date (-34.0 days) (Dataset A.7). This was consistent with our field observations that M. 
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sacchariflorus ‘Robustus‘ was a highly rhizomatous and spreading genotype (avg. basal 
circumference of 413 cm) with very early first flowering time (15 July 2013) compared to the in-
common parent M. sinensis ‘Cosmopolitan‘ (avg. basal circumference of 119 cm, first flowering 
time on 18 Sep 2013) in Urbana, Illinois (Fig. 2.1, Dataset A.3). Additionally, QTLs with large 
allelic effects were also observed for plant height, yield per plant, and yield per footprint. For 
example, for yield per plant, the largest allelic effects from M. sacchariflorus ‘Robustus‘, M. 
sinensis ‘Cosmopolitan‘, M. sinensis ‘Silberturm‘ and M. sinensis ‘November Sunset‘ were 1,551 
g, 1,122 g, 412 g, and 141 g, respectively (Dataset A.7). For yield per footprint, the largest allelic 
effects from M. sacchariflorus ‘Robustus‘, M. sinensis ‘Cosmopolitan‘, M. sinensis ‘Silberturm‘ 
and M. sinensis ‘November Sunset‘ were 51 g m-2, 62 g m-2, 4 g m-2, 45 g m-2 (Dataset A.7). 
2.5 Discussion 
Phenotypic Analysis 
Within each of the three populations, great variation among progeny was observed for most of 
the yield traits studied (Fig. 2.1). Especially notable was the high frequency of advantageous 
transgressive segregants, such as those with higher yield per plant or yield per footprint, taller 
stems, and greater ratio of compressed circumference to basal circumference (a proxy for stems 
per area) than both parents. Transgressive segregation is ubiquitous in plants and most often 
observed in intraspecific crosses of inbred domesticated plant populations, but less frequently 
observed in interspecific crosses between outbred species (Rieseberg et al., 1999). In this study, 
MapA was an interspecific population and MapB and MapC were intraspecific populations, yet 
in all three, transgressive segregation was common. These data demonstrate that there was 
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adequate genetic variation for biomass yield traits to make substantial gains from selection in 
these diploid inter- and intraspecific Miscanthus populations.  
Moreover, the data from this study validate the strategy of crossing southern-adapted 
selections with northern-adapted selections to breed for improved yield in the northern U.S. In 
the current study, the parent in-common to all three populations, M. sinensis ssp. condensatus 
‘Cosmopolitan‘, was the least cold hardy genotype and best adapted to hardiness zone 7 (avg. 
min. temp.: -17.8 °C) and warmer; the subspecies condensatus is endemic to coastal southern 
Japan and adapted to a mild maritime environment. Thus, ‘Cosmopolitan‘, which is variegated, 
and its green-leafed derivative ‘Cosmopolitan Revert‘, are unable to reach their full yield 
potential in Urbana, IL (zone 6, avg. min. temp.: -23.3 °C) because plantings are typically 
damaged during the winter; though in southern U.S. environments, their tall, thick stems and late 
flowering are advantageous. In contrast to ‘Cosmopolitan‘, the other three parents of the 
population in this study typically perform well in central Illinois (Kaiser & Sacks, 2015) but are 
earlier flowering and have thinner stems (Fig. 2.1). In particular, M. sacchariflorus ‘Robustus‘ 
was the most cold hardy genotype and had the earliest flowering time among these four parents 
(Fig. 2.1); additionally, M .sacchariflorus ‘Robustus‘ had long rhizomes with relatively few 
culms per area, which is typical of this species and may contribute to their exceptional winter-
hardiness, whereas the M. sinensis parents, had short rhizomes and a caespitose habit that is 
typical of that species. For Miscanthus and many other perennial temperate-adapted grasses (e.g. 
prairie cordgrass and switchgrass), accessions from lower latitudes typically grow taller, have 
thicker stems, flower later, and yield more than accessions from higher latitudes when grown in 
a common garden, if the low-latitude accessions are sufficiently well-adapted to the test 
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environment to survive without winter-injury (Grabowski et al., 2017; Guo et al., 2015; Yan et 
al., 2012). In addition to the high number of advantageous transgressive segregants observed, we 
found that the QTL alleles conferring the greatest gains in yield per footprint and yield per plant 
originated from the parents that were the most extreme in adaptation (‘Cosmopolitan‘ and 
‘Robustus‘, respectively). The current study demonstrates that crosses between a southern-
adapted Miscanthus genotype and three northern-adapted parents can result in many progeny 
that exceed both parents‘ yield potential in a northern cold-temperate environment (Fig. 2.1).  
Improving biomass yield is the primary goal in Miscanthus breeding. Previous studies 
reported Miscanthus dry biomass yield as 0.7-30 t ha
-1
 (Kaiser et al., 2015; Robson et al., 2013). 
M×g ‘1993-1780‘, our high-yield control, produced 24.5 t ha-1 in 2013, which is consistent with 
previous studies for year 3 yields of this genotype in the Midwest (Kaiser et al., 2015). Although 
23 progeny in MapB yielded more per plant than M×g ‘1993-1780‘ in 2012, none of the progeny 
outperformed M×g ‘1993-1780 ‘ in 2013. The highest yields per plant in MapA, MapB and 
MapC were 3,749 g, 4,165 g and 5,299 g in 2013 (Dataset A.3), respectively, which were 
equivalent to 16.7, 18.5 and 23.6 t ha
-1
 based on the planting density in this study (1.5m within 
and between rows). For yield per footprint, which sets the theoretical upper limit of biomass 
production per planting area, the three populations exhibited superior performance over M×g 
‘1993-1780 ‘, which was partly because M×g ‘1993-1780 ‘ had significantly greater basal 
circumference and therefore required more growing space (Fig. 2.1, Dataset A.3). Based on the 
strong positive genetic correlations between compressed circumference to basal circumference 
ratio (a proxy for number of stems per area) and yield per footprint (0.63-0.90, Table 2.4), 
optimizing planting density for each cultivar could be a way to improve Miscanthus biomass 
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production. In comparison, continuing gains in grain yield of US maize during the last century 
have been mainly due to the development of hybrids adapted to higher plant density rather than 
more grain per plant (Duvick, 2005; Tian et al., 2011).  
All three populations had considerable variation for culm dry weight and volume but 
only the intraspecific MapB had substantial (and advantageous) transgressive segregation for 
these traits. Large thick stems can contribute to low rates of lodging and to high yields. 
However, there appeared to be relatively less variation for culm density (g cc
-1
) in these 
populations, in comparison to the great genotypic variation observed for the other stem traits we 
evaluated. If thin stems and thick stems are similarly dense, then there are two differing likely 
strategies to breeding for high yield: 1) tall stems that are sufficiently thick to avoid lodging, 
with moderate numbers of stems per area, or 2) many thin stems per area that are not so tall as to 
lodge. 
Flowering time is an important adaptation trait, for which great diversity among 
genotypes of M. sinensis and M. sacchariflorus has been observed (Jensen et al., 2011). The 
distribution of flowering time in the MapA population, which had the earliest parent (M. 
sacchariflorus ‘Robustus‘; 1st flowering date of 15 July 2013) and latest parent (M. sinensis 
‘Cosmopolitan‘; 1st flowering date of 18 Sep 2013), was skewed towards the early flowering 
parent (Fig. 2.1, Dataset A.3), suggesting dominant gene action. In MapB, flowering time was 
similarly skewed towards the early parent, though in this case, both parents were M. sinensis, 
and the early parent, ‘Silberturm‘, flowered later (1st flowering date of 2 Sep 2013) than the 
‘Robustus‘ parent in MapA (Fig. 2.1, Dataset A.3). Interestingly, the distribution of flowering 
times in MapA had a long tail, with some progeny flowering later than the late-flowering parent, 
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and there were even some progeny that did not flower at all. Moreover, the latest-flowering 
progeny in MapA were among the shortest in the study. Jensen et al. (2012) determined that M. 
sacchariflorus is a quantitative short day plant, which could potentially account for differences 
observed between MapA and the two intraspecific M. sinensis populations. Though little is 
currently known about the regulation of flowering time in M. sinensis, evaluation of a large 
germplasm collection, primarily of Japanese and Korean provenance, in a UK common garden 
found a weaker negative association between flowering time and latitude of origin for M. 
sinensis than for M. sacchariflorus (Jensen et al., 2011). Progeny in MapC, which had two late-
flowering M. sinensis parents, flowered later on average than the progeny of the other two 
populations; in fact, the earliest-flowering MapC progeny were typically later than average-
flowering progeny of the other two populations. The population distribution of MapC was not 
skewed towards either parent, in contrast to the other two populations, suggesting that gene 
action for flowering time was population-specific. Overall the data from this study indicate that 
selection for later or earlier flowering within inter- or intraspecific Miscanthus populations is 
expected to be feasible. 
In the Saccharinae, later flowering is typically associated with greater numbers of nodes 
due to later transition from vegetative to reproductive growth, and consequently taller stems, and 
higher biomass yields (e.g. tropical maize grown under long days, sweet sorghum, and 
sugarcane) (Allison & Daynard, 1979; Coelho et al., 2014; Zhao et al., 2009). Similarly, some 
prior studies of Miscanthus germplasm panels have found that later flowering is correlated with 
higher biomass yield (Clifton-Brown & Lewandowski, 2002; Jensen et al., 2012; Yan et al., 
2012; Zub et al., 2011), and some of these studies have also found positive correlations between 
later flowering and taller and thicker stems, which contribute to biomass yield. In contrast to 
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these prior studies of germplasm panels, the current study of segregating biparental populations 
revealed weak and mostly negative genetic and phenotypic correlations between flowering time 
and yield. However, genetic correlations between culm node number and flowering time were 
moderate to strong among our three populations (0.51-0.85), as expected, with the strongest 
correlation for the interspecific MapA population, which is consistent with the findings of Jensen 
et al. (2011). After floral initiation, which determines the number of nodes, flowering time can 
be further influenced by temperature, availability of water, and day length. The genetic 
correlations between culm node number and plant height were positive for the intraspecific 
populations (0.34-0.43) but unexpectedly negative for the interspecific MapA population (-0.63). 
Thus, for MapA, we can deduce that the progeny with more nodes must have had on average 
shorter internodes than progeny with fewer nodes, thereby counterintuitively resulting in shorter 
plants in the genotypes with the most nodes. Such an unexpected outcome for the interspecific 
population may be the result of high sensitivity to day length contributed by the M. 
sacchariflorus parent. It is also possible that genes controlling culm node number and plant 
height have epistatic effects between M. sinensis and M. sacchariflorus. Genetic correlations 
between culm node number were weakly and positively associated with yield per plant for all 
three populations (0.05-0.25), whereas the correlations with yield per footprint were positive for 
MapA (0.03) and Map C (0.17) but negative for MapB (-0.17). Thus, for the three populations in 
the current study, the length of time to transition from vegetative to reproductive growth had a 
moderate effect on a genotype’s height but a lesser effect on its biomass yield. In these 
populations, the number of stems per area, as indicated by the ratio of compressed circumference 
to basal circumference ratio, had a much greater effect on a genotype’s biomass yield potential 
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than plant height. Similarly, Matumura et al. (1986; 1987) found that optimizing the number of 
culms per area was key for increasing biomass yield of new M×g progeny. 
High-density Genetic Map 
A consensus genetic map of Miscanthus with 7,618 SNP markers, the densest map developed for 
this crop to date, was assembled from five M. sinensis parental genetic maps and one M. 
sacchariflorus map. To the best of our knowledge, this is the first high-density genetic map that 
integrates M. sinensis and M. sacchariflorus. Moreover, we confirmed for the first time a whole-
genome duplication in M. sacchariflorus relative to Sorghum bicolor, similar to that previously 
documented for M. sinensis (Kim et al., 2012; Ma et al., 2012; Swaminathan et al., 2012). All 
six parental genetic maps were also linked to our previously published M. sinensis map (Liu et 
al., 2015). Development of a consensus map that included both M. sinensis and M. 
sacchariflorus was challenging because there were very few biparental markers shared between 
M. sacchariflorus ‘Robustus‘ and the M. sinensis parents, likely due to genetic differentiation 
since speciation. The phenomenon of few biparental markers in interspecific crosses was also 
reported for SSR-based maps of an M. sacchariflorus × M. sinensis F1 population (Kim et al., 
2012), and crosses between Eucalyptus grandis × E. urophylla (Grattapaglia & Sederoff, 1994), 
Populus adenopoda × P. alba (Yin et al., 2001), and Dendrobium officinale × D. hercoglossum 
(Xue et al., 2010). To circumvent the problem of few biparental markers in the interspecific 
MapA F1, we used an F2 population derived from MapA, which significantly improved the 
number of markers co-segregating in the M. sacchariflorus ‘Robustus‘ map and M. sinensis 
genetic maps, and thereby facilitated the assembly of the six maps. The parental genetic maps 
and the Miscanthus consensus genetic map in this study are valuable resources for marker-
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assisted selection and genomic studies in Miscanthus. In addition, the tag sequences of mapped 
markers in this study have been used to facilitate a whole-genome assembly of Miscanthus by 
resolving uncertainties in assembling large scaffolds caused by high heterozygosity and the 
recent genome duplication (Kankshita Swaminathan, personal communication). The tag 
sequences of mapped markers could also be potentially converted into new specific markers for 
high-throughput screening of populations for trait-associated SNPs without doing RAD-seq. 
QTL Analysis 
For Miscanthus, six genetic mapping studies have been conducted previously and all of them 
have been on single biparental populations (Atienza et al., 2003a,b,c,d; Gifford et al., 2015; Liu 
et al., 2015). The current QTL study is the first to use a multi-parent interconnected population 
of Miscanthus. Among the four methods for identifying QTL that we compared (individual 
parental map CIM analysis, individual parental map stepwise analysis, single-population 
stepwise analysis, and joint-population stepwise analysis), we identified 59 meta-QTLs in 
common (Figs. 2.4, A.9); it is these QTL for which we have the highest confidence.  
We compared the CIM and stepwise methods for individual parental map QTL analysis. 
Identification of a large in-common set of 118 meta-QTLs confirmed the similarity in results of 
both methods. In addition, similar confidence interval estimates were observed for the two 
methods (17.8 ± 1.3 cM in CIM and 17.9 ± 1.4 cM in stepwise for the 59 meta-QTLs; 22.6 ± 0.9 
cM in CIM and 22.4 ± 1.1 cM in stepwise for all meta-QTLs, Fig. 2.4). However, we still 
observed some different QTLs between the individual parental map CIM analysis (157 meta-
QTLs) and the individual map stepwise analysis (136 meta-QTLs). Although composite interval 
mapping is powerful, the choice of covariates is critical. With user‘s input to determine the 
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number of cofactors for forward selection, either too many or too few will reduce the power to 
detect additional QTL. Furthermore, the subsequent scan fails to account for the uncertainty of 
previously selected marker covariates and can give an overly optimistic estimation of the 
precision of QTL location (Broman et al., 2003). This may explain why we identified 21 more 
meta-QTLs using CIM (157 meta-QTLs) than with stepwise regression (136 meta-QTLs). 
Stepwise regression, however, is susceptible to collinearity errors. Because detection of a QTL 
and estimates of QTL effects are affected by other QTLs in multi-QTL models (Zeng, 1994), 
collinearity among genetic markers could complicate the detection of QTLs and estimation of 
QTL effects, and this problem is especially exacerbated when using high-density genetic maps 
(Bian & Holland, 2015). Thus, collinearity could have contributed to the identification of 18 
meta-QTLs by stepwise regression that were not detected by CIM. 
Though twenty more meta-QTLs were identified by the single-population analysis (106 
meta-QTLs) than by the joint population analysis (86 meta-QTLs), the higher rate of 
reidentifying meta-QTL over years for the latter analysis indicated higher confidence in the QTL 
identified by the joint analysis method. Joint-population analysis has been found to have higher 
power to detect QTL shared among multiple populations, but may have lower power to detect 
rare QTL because adding more populations with non-significant QTL increases the sample 
variance and therefore cause some QTL signals to be weak (Li et al., 2011; Ogut et al., 2015). 
For example, in our study, few QTLs were detected on LGs 16 and 17 using single population 
analysis but none were detected using joint-population analysis (Fig. A.8). However, for joint- 
population analysis, the increased population size may have contributed to the detection of 
additional QTLs (Lee et al., 2014); for example, no QTLs were detected on LG 18 using single 
population analysis, whereas one culm node number QTL and one culm basal internode diameter 
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QTL were detected using joint-population analysis (Fig. A.8). Additionally, the joint-population 
analysis had modestly better resolution (i.e. shorter confidence intervals and smaller SEs) than 
the other three analyses (Fig. 2.4), which would be advantageous for marker assisted selection. 
Across three populations in this study, we detected several clusters of QTLs for multiple 
traits, especially on LGs 3, 4, 7, 10, 14, 19 in MapA, on LGs 3, 6, 8, 9, 13 in MapB and on LG 5 
in MapC (Figs. A.6, A.7). Traits that had QTLs clustered together also showed substantial 
genetic correlations with each other. For example, on LG 3 in MapA, basal circumference, 
compressed circumference and yield per plant both had one QTL located at the similar location; 
the genetic correlations between the three traits in 2013 ranged from 0.49-0.75. On LG 6 in 
MapB, culm basal internode diameter, culm topmost internode diameter, culm dry weight and 
culm volume all had QTLs located at a similar position and the genetic correlation coefficients 
ranged from 0.70-0.81. Likewise, on LG 5 in MapC, culm basal internode diameter, culm dry 
weight, culm volume and culm node number had QTLs clustered together, and genetic 
correlations between the first three traits ranged from 0.48-0.87. Although culm node number 
showed low to medium genetic correlations with culm basal internode diameter and culm 
volume (0.08-0.31), it had a high genetic correlation with culm dry weight (0.77 in 2012 and 
0.66 in 2013). In addition, co-localization of QTLs could also be due to aliasing of traits. For 
example, culm basal internode diameter and culm topmost internode diameter both evaluate 
culm diameter but at different positions, and these two traits also had high phenotypic 
correlations (0.64-0.81). A previous study of an M. sinensis F1 population by Gifford et al. 
(2015) also found two major QTL clusters on LGs 3 and 6. It is possible that genes underlying 
these QTL clusters might have pleiotropic effects, or the QTL clusters are due to multiple linked 
genes. The species-specific QTL cluster on LG 19 in M. sacchariflorus ‘Robustus’ could be due 
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to differentiation of M. sacchariflorus and M. sinensis during their evolution since Miscanthus 
diverged from the Saccharum lineage 3.1 million years ago (Kim et al., 2014). 
Non-zero interaction effects between maternal alleles and paternal alleles in this study 
indicated some degree of non-additive (i.e. dominant or epistatic) effects. Previous QTL studies 
in Miscanthus also reported significant QTL allelic interactions for total yield, stem yield, tops 
yield, leaf yield (Atienza et al; 2003a), height, flag-leaf height, stem diameter (Atienza et al; 
2003b), and combustion quality (Atienza et al; 2003c). Gifford et al. (2015) studied 13 biomass 
traits and also observed significant allelic interactions in the detected QTLs. These non-additive 
effects could have contributed to the transgressive segregation that we observed (de Vicente & 
Tanksley, 1993), though additive gene models for transgressive segregation (Birchler et al., 
2010; de Vicente & Tanksley, 1993; Rieseberg et al., 1999) cannot be ruled out for our data. In 
addition, some QTLs detected in this study were of large effect. It is important to keep in mind 
that these estimates could be biased upward due to limited population size (Beavis, 1998). 
Additionally, large effect QTLs might fractionate into multiple linked small effect QTLs upon 
closer examination (Noor et al., 2001; Studer et al., 2011). 
We compared our QTLs with those identified in previously published Miscanthus 
mapping studies (Dataset A.7; Clark et al., 2016; Gifford et al., 2015; Slavov et al., 2014). Based 
on S. bicolor chromosome positions to which Miscanthus markers were aligned, we were able to 
find QTL correspondence for similar traits between this study and previous studies. From a 
genome-wide association study (GWAS) of M. sacchariflorus based on phenotypic data taken at 
collection sites in eastern Russia (Clark et al., 2016), an SNP associated with number of stems 
per area (53,659,234 bp S. bicolor chromosome 2) was identified in an untranslated region of a 
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protein kinase gene and we found it to be <1 cM from the peak of a QTL we identified on M. 
sacchariflorus ‘Robustus‘ LG 4 for the ratio of compressed circumference to basal 
circumference. Another SNP identified by Clark et al. (2016), associated with basal stem 
diameter in the previous GWAS (57,761,452 bp on S. bicolor chromosome 6), was within the 
confidence interval of our basal internode diameter QTL on LG 12 (Dataset A.7). Similarly, we 
identified twelve QTLs in our study that had overlapping confidence intervals with QTLs 
reported by Gifford et al. (2015) for a biparental M. sinensis population (Dataset A.7). 
Additionally, two SNPs associated with stem length by Slavov et al. (2014) (68,013,320 bp on S. 
bicolor chromosome 1, genome v1.0/67,921,830 bp on genome v2.0; and 59,574,096 bp S. 
bicolor chromosome 10, genome v1.0/59,654,638 bp on genome v2.0) corresponded to plant 
height QTLs in our population on Miscanthus LGs 2 and 19, respectively (Dataset A.7). About 
10% of the QTLs detected in each of our four QTL analysis methods corresponded with QTLs 
identified in three previous studies of Miscanthus (Clark et al., 2016; Gifford et al., 2015; Slavov 
et al., 2014). Detection of the same QTLs in multiple, independent studies increases our 
confidence in their validity and their usefulness for plant breeding. 
Genomic synteny and collinearity are a common feature in the Poaceae (Devos & Gale, 
1997). Recent comparisons between Miscanthus and sorghum genomes were consistent with this 
finding (Kim et al., 2012; Ma et al., 2012; Swaminathan et al., 2012). Previous studies have 
shown that genes/QTLs for domestication traits often correspond across grass species (Hu et al., 
2003; Ming et al., 2002; Paterson et al., 1995a, 1995b). Intriguingly, by using physical positions 
of Miscanthus markers on the sorghum genome and location of major maturity genes in sorghum 
(Mace & Jordan, 2010), we were able to find one flowering QTL on LG 2 in this study residing 
in the vicinity of sorghum maturity gene Ma3 (Table 2.7, Dataset A.7). Similarly, Gifford et al. 
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(2015) also found overlapping confidence intervals between Ma5 with a Miscanthus QTL. In 
addition, our flowering QTL on LG 1 (65.8-94.4 cM) contained ASYMMETRIC LEAVES2-like1 
gene, which controls proximal-distal patterning in Arabidopsis petals (Chalfun-Junior et al., 
2004). Although Nagano et al. (2015) indicated that Hd1 gene can affect flowering time in 
Miscanthus, especially differences among M. sinensis groups, no QTLs were detected near this 
gene in this study. Cinnamoyl Coa reductase 1 is the first committed enzyme of the lignin 
branch biosynthetic pathway (Lacombe et al., 1997) and was located within the confidence 
intervals of QTLs on LG 10 for basal circumference, ratio of compressed circumference to basal 
circumference, culm basal internode diameter, culm dry weight, culm volume and yield per 
plant. Mineral transporters are key players in mineral acquisition, transport and recycling in 
plants (Palmer et al., 2014; Schwartz & Amasino, 2013). In this study, mineral transporters such 
as potassium transporter 2, zinc transporter 3 precursor, high-affinity K
+
 transporter 1, nitrate 
transporter 2.4, sulfate transporter 2 were found within QTL confidence intervals for basal 
circumference, culm node number, plant height and yield per footprint. In addition, cellulose 
synthase-like B4, D2, D5 enzymes were located within QTL confidence intervals for yield per 
footprint, culm topmost internode diameter, culm basal internode diameter and culm volume. 
The culm volume QTL on LG 2 contained the Expansin B2 (EXPB2) gene, which is predicted to 
cause loosening and extension of plant cell walls by disrupting non-covalent bonding between 
cellulose microfibrils and matrix glucans in rice (http://www.uniprot.org/uniprot/O24230). Thus, 
this study has resulted in many new hypotheses for future testing, regarding which genes 
influence the traits we observed (Table 2.7, Dataset A.8). 
In summary, the advantageous transgressive segregation for yield and many of its 
component traits observed in each of the three populations we studied is encouraging for 
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breeding improved cultivars of Miscanthus. Significant positive correlations between yield 
components provide opportunities for indirect selection and making concurrent genetic gains in 
multiple traits. A complete M. sacchariflorus genetic map, as well as a high-density consensus 
genetic map integrating M. sinensis and M. sacchariflorus were reported for the first time. QTL 
analyses were conducted using four separate methods for each of two years‘ data. We found 
joint-population analysis could be a useful tool given its higher resolution, but we observed that 
it lacked the power to detect rare QTLs, which can also be valuable in breeding.  
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2.6 Tables and Figures 
Table 2.1 Diploid F1 Miscanthus populations (A-C) evaluated in this study. Note that the parent 
‘Cosmopolitan‘ is common to all three full-sib families. 
Population N Parent Parent characteristics 
MapA 281 ♀ M. sacchariflorus ‘Robustus‘ Early flowering, thin stem, rhizomatous, cold hardy 
♂ M. sinensis ‘Cosmopolitan‘ Late flowering, thick stem, tall plant, cold sensitive 
MapB 243 ♀ M. sinensis ‘Cosmopolitan‘ Late flowering, thick stem, tall plant, cold sensitive 
♂ M. sinensis ‘Silberturm‘ Late flowering, thick stem, cold hardy 
MapC 128 ♀ M. sinensis ‘November Sunset‘ Late flowering, thick stem, cold hardy 
♂ M. sinensis ‘Cosmopolitan‘ Late flowering, thick stem, tall plant, cold sensitive 
Note: all parents are ornamental cultivars. 
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Table 2.2 Evaluation system to obtain phenotypic trait data for three diploid F1 Miscanthus 
populations (MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. 
sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘ × M. 
sinensis ‘Cosmopolitan‘) established in a field trial with three clonal replications at Urbana, IL in 
2011.  
Trait Abbr. (units) Trait description and evaluation system 
Axillary bud 
number 
Bud (count) The number of axillary buds per culm. 
Basal 
circumference 
BC (cm) The uncompressed circumference of the plant at the soil surface. 
Measurements were made after the plants had been cut for harvest at the 
end of the season. 
Compressed 
circumference  
CC (cm) Tillers at 1 m above the soil surface were compressed such that adjacent 
tillers were in contact and the space was filled by tillers without air gaps. 
Measurements were taken in November, after growth had ended for the 
season. 
Compressed circ. 
to basal circ. ratio 
CC/BC 
(proportion) 
Calculated. Compressed circumference was divided by basal 
circumference. CC/BC ratio was used as a proxy for number of tillers per 
area. 
Culm density CmDen (g cm
-3
) Calculated. Culm dry weight was divided by culm volume (CmVol). 
Culm dry weight CmDW (g) Dry weight of the tallest culm, harvested after dormancy. 
Culm node 
number 
CmNN (count) Removed leaves, then counted the number of nodes per culm. 
Culm volume CmVol (cm
3
) Frustum volume was calculated with the following function: 
CmVol = (π * h/12) * (DTI2 + DTI*DBI + DBI2), where π is the 
mathematical constant, h is the culm length, DTI is topmost internode 
diameter and DBI is base internode diameter.  
Diameter of basal 
internode  
DBI (mm) The outer internode diameter measured at the middle of first basal 
internode. Data were obtained using digital calipers. 
Diameter of 
topmost internode  
DTI (mm) The outer internode diameter measured at the middle of the last internode 
just below the flag leaf. Data were obtained using digital calipers. 
Plant height Ht (cm) Length of the plant’s tallest flowering culm from soil surface to tip of the 
panicle (awns excluded).  If no panicles were present, length of the tallest 
culm from the soil surface to highest part of the highest leaf. 
Measurements were taken during the last week of October or early 
November. 
Flowering traits 1
st
 Flag (days) First flagging date. Date on which the collar of final leaf of the first 
reproductive stem became visible. Recorded weekly.  
Flag50 (days) 50% flagging date. Date on which the collar of final leaf was visible on ≥ 
50% of the culms that contributed to the plant’s canopy height. Recorded 
weekly. 
1
st
 Head (days) First heading date. Date on which the first inflorescence of a plant 
emerged ≥ 1 cm beyond the flag leaf sheath. Recorded weekly. 
Head50 (days) 50% heading date. Date on which ≥ 50% of the culms that contributed to 
the plant’s canopy height had inflorescences that emerged ≥ 1 cm beyond 
the flag leaf sheath. Recorded weekly. 
1
st
 Flower (days) First flowering date. Date on which flowering first began. Recorded 
weekly. Because means for this trait is easily interpreted, they are 
presented in subsequent tables and figures. 
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Table 2.2 (cont.) 
Trait Abbr. (units) Trait description and evaluation system 
Flowering traits Flower50 (days) 50% flowering date. Date on which ≥ 50% of the culms that 
contributed to the plant’s canopy height had inflorescences that were 
flowering or had flowered. Recorded weekly. 
 PC1 Principal component analysis was performed on the above six, highly 
correlated flowering traits to reduce redundancy. Principal component 
1 (PC1) was used as a single flowering trait for QTL analysis. 
Yield per footprint YPF (g m-2) Calculated. Yield per plant divided by footprint area of the plant. 
Footprint of plant was calculated as A=BC
2/(4*π), where A is the basal 
footprint area, BC is basal circumference, and π is the mathematical 
constant. 
Yield per plant YPP (g) Plants were cut 20 cm above the soil surface, dried whole and then 
weighed. 
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Table 2.3 Heritability estimates for 14 yield traits of three diploid F1 Miscanthus populations 
established in a field trial with three clonal replications at Urbana, IL in 2011. Traits include 
axillary bud number (Bud No.), basal circumference (BC), compressed circumference (CC), ratio 
of compressed circumference to basal circumference (CC/BC), culm density (CmDen), culm dry 
weight (CmDW), culm node number (CmNN), culm volume (CmVol), diameter of basal 
internode (DBI), diameter of topmost internode (DTI), days to first flowering (1
st
 Flower), plant 
height (Ht), yield per footprint (YPF), and yield per plant (YPP). 
Trait (units) Year 
MapA  MapB  MapC 
𝐻1
2† 𝐻2
2  𝐻1
2 𝐻2
2  𝐻1
2 𝐻2
2 
Bud No. (count) 2012 0.75 
0.90 
 NA 
NA 
 NA 
NA 
 
2013 0.86  NA  NA 
BC (cm) 2012 0.61 
0.89 
 0.88 
0.77 
 0.61 
0.81 
 
2013 0.78  0.55  0.61 
CC (cm) 2012 0.43 
0.75 
 0.37 
0.49 
 0.52 
0.73 
 
2013 0.68  0.41  0.65 
CC/BC (proportion) 2012 0.27 
0.39 
 0.51 
0.77 
 0.47 
0.65 
 
2013 0.31  0.79  0.56 
CmDen (g cm
-3
) 2012 0.38 
0.71 
 0.20 
0.44 
 0.36 
0.62 
 
2013 0.74  0.58  0.65 
CmDW (g) 2012 0.27 
0.64 
 0.32 
0.61 
 0.46 
0.66 
 
2013 0.70  0.64  0.60 
CmNN (count) 2012 0.61 
0.81 
 0.59 
0.74 
 0.77 
0.87 
 
2013 0.74  0.54  0.78 
CmVol (cm
3
) 2012 0.50 
0.80 
 0.47 
0.73 
 0.65 
0.76 
 
2013 0.80  0.69  0.64 
DBI (mm) 2012 0.58 
0.85 
 0.45 
0.71 
 0.65 
0.78 
 
2013 0.81  0.65  0.70 
DTI (mm) 2012 0.50 
0.79 
 0.37 
0.68 
 0.64 
0.69 
 
2013 0.79  0.72  0.50 
1
st
 Flower (days) 2013 0.95 NA‡  0.76 NA  0.85 NA 
Ht (cm) 2012 0.59 
0.84 
 0.51 
0.78 
 0.63 
0.76 
 
2013 0.84  0.68  0.57 
YPF (g m
-2
) 2012 0.33 
0.66 
 0.39 
0.60 
 0.59 
0.71 
 
2013 0.42  0.41  0.59 
YPP (g) 2012 0.61 
0.88 
 0.49 
0.77 
 0.53 
0.75 
 
2013 0.87  0.52  0.63 
† 𝐻2 = 𝜎𝑔
2/(𝜎𝑔
2 + 𝜎𝑔𝑦
2 /Y + 𝜎𝑒
2/RY), where 𝐻2 is the broad-sense heritability, 𝜎𝑔
2 is the genetic 
variance, 𝜎𝑔𝑦
2  is the genotype by year interaction variance, 𝜎𝑒
2 is the error variance, Y is the 
number of years, and R is the number of replications. 𝐻1
2 is single year heritability whereas 𝐻2
2 is 
heritability across two years. 
‡ No data available.  
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Table 2.4 Correlation coefficients (r) between pairs of 14 biomass traits (Pearson correlations 
below the diagonal and genetic correlations above the diagonal) for three diploid F1 Miscanthus 
populations established in a field trial with three clonal replications at Urbana, IL in 2011. Data 
is from 2013 (year 3 of the trial). Traits include axillary bud number (Bud), basal circumference 
(BC), compressed circumference (CC), ratio of compressed circumference to basal 
circumference (CC/BC), culm density (CmDen), culm dry weight (CmDW), culm node number 
(CmNN), culm volume (CmVol), diameter of basal internode (DBI), diameter of topmost 
internode (DTI), days to first flowering (1
st
 Flower), plant height (Ht), yield per footprint (YPF), 
and yield per plant (YPP). 
MapA Bud BC CC CC/BC CmDen CmDW CmNN CmVol DBI DTI 
1st 
Flower Ht YPF YPP 
Bud 
 
0.37 0.04 0.36 0.78 0.62 0.77 -0.69 -0.61 -0.74 0.78 -0.71 0.10 0.06 
BC -0.32 
 
0.23 -0.31 0.07 0.37 -0.38 0.38 0.36 0.34 -0.31 0.49 -0.20 0.54 
CC 0.02 0.43 
 
0.71 0.10 0.06 0.10 0.01 0.07 0.02 0.24 0.41 0.56 0.23 
CC/BC 0.26 -0.28 0.71 
 
0.21 -0.35 0.34 -0.39 -0.34 -0.36 0.55 0.13 0.63 0.02 
CmDen 0.68 -0.33 -0.07 0.16 
 
0.66 0.79 -0.78 -0.71 -0.85 0.87 -0.74 0.21 0.08 
CmDW 0.47 0.37 0.03 -0.25 0.44 
 
-0.48 0.96 0.96 0.88 -0.68 0.90 0.35 0.18 
CmNN 0.73 -0.15 0.14 0.26 0.65 -0.30 
 
-0.60 -0.48 -0.69 0.85 -0.63 0.03 0.05 
CmVol -0.60 0.39 0.00 -0.29 -0.67 0.91 -0.45 
 
0.96 0.95 -0.80 0.96 0.28 0.13 
DBI -0.50 0.39 0.04 -0.26 -0.60 0.89 -0.32 0.93 
 
0.87 -0.70 0.90 0.34 0.13 
DTI -0.65 0.30 0.03 -0.27 -0.73 0.82 -0.56 0.92 0.81 
 
-0.89 0.88 0.25 0.02 
1st 
Flower 0.66 -0.31 0.19 0.43 0.69 -0.54 0.62 -0.70 -0.57 -0.76 
 
-0.79 0.10 -0.06 
Ht -0.69 0.52 0.38 0.31 -0.74 0.82 -0.53 0.89 0.82 0.83 -0.79 
 
0.21 0.22 
YPF 0.12 -0.15 0.42 0.60 0.16 0.27 0.00 0.24 0.25 0.21 0.05 0.23 
 
0.49 
YPP 0.33 0.77 0.67 0.11 0.34 0.50 0.12 0.48 0.49 0.37 -0.25 0.57 0.42 
 
MapB 
              
BC 
  
0.55 -0.19 0.00 -0.15 0.17 -0.16 0.16 0.12 -0.05 0.11 -0.22 0.87 
CC 
 
0.19 
 
0.67 0.14 -0.18 0.38 -0.32 -0.40 -0.33 0.09 0.10 0.64 0.60 
CC/BC 
 
-0.05 0.92 
 
0.27 -0.06 0.21 -0.27 -0.29 -0.21 0.17 -0.11 0.90 0.23 
CmDen 
 
-0.04 -0.01 0.01 
 
0.37 0.36 -0.23 -0.05 0.00 0.65 -0.32 0.03 0.25 
CmDW 
 
0.03 0.04 0.02 0.39 
 
0.20 0.81 0.70 0.71 0.45 0.29 -0.01 0.13 
CmNN 
 
0.13 0.14 0.07 0.38 0.44 
 
-0.06 0.02 -0.09 0.51 0.34 -0.17 0.07 
CmVol 
 
0.05 0.06 0.02 -0.21 0.80 0.23 
 
0.78 0.80 0.16 0.50 -0.06 0.15 
DBI 
 
-0.06 -0.03 -0.02 -0.20 0.62 0.07 0.81 
 
0.77 0.44 -0.02 0.23 0.21 
DTI 
 
0.00 -0.04 -0.02 -0.06 0.62 -0.07 0.71 0.66 
 
0.33 -0.02 0.02 -0.30 
1st 
Flower 
 
-0.11 -0.06 0.01 0.23 0.09 -0.07 0.03 0.17 0.10 
 
-0.31 -0.13 -0.25 
Ht 
 
0.19 0.23 0.12 -0.11 0.37 0.37 0.45 -0.05 -0.06 -0.31 
 
0.34 0.44 
YPF 
 
-0.11 0.03 0.27 0.04 0.02 0.05 0.00 -0.06 -0.01 -0.01 0.28 
 
0.36 
YPP 
 
0.38 0.44 0.23 0.24 0.19 0.38 0.14 0.12 0.11 -0.28 0.53 0.61 
 
MapC 
              
BC 
  
0.38 -0.08 -0.08 -0.23 0.00 -0.25 -0.25 -0.28 0.14 0.03 -0.52 0.37 
CC 
 
0.43 
 
0.89 0.07 -0.43 -0.07 -0.55 -0.66 -0.34 -0.44 -0.01 0.59 0.33 
CC/BC 
 
-0.02 0.87 
 
0.22 0.42 -0.18 -0.44 -0.52 -0.22 -0.57 0.11 0.77 0.31 
CmDen 
 
0.33 0.07 0.08 
 
0.55 0.73 -0.23 -0.32 -0.41 0.40 0.32 0.35 0.54 
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Table 2.4 (cont.) 
MapC Bud BC CC CC/BC CmDen CmDW CmNN CmVol DBI DTI 
1st 
Flower Ht YPF YPP 
CmDW  0.25 -0.06 0.18 0.58  0.66 0.67 0.48 0.22 0.61 0.64 0.07 0.21 
CmNN  0.33 0.06 -0.10 0.70 0.65  0.17 0.08 -0.20 0.60 0.43 0.17 0.25 
CmVol  0.06 -0.12 -0.15 -0.06 0.76 0.27  0.87 0.62 0.37 0.43 0.21 0.24 
DBI  -0.24 -0.29 -0.21 -0.24 0.51 0.06 0.82  0.51 0.48 0.02 0.40 0.48 
DTI  0.03 0.05 -0.06 -0.17 0.48 -0.01 0.74 0.64  -0.16 -0.05 0.09 0.23 
1st 
Flower  -0.24 -0.30 -0.26 0.14 0.21 0.29 0.13 0.30 -0.08  0.34 -0.3 0.06 
Ht  0.49 0.26 0.08 0.34 0.48 0.50 0.34 -0.14 -0.01 -0.13  0.09 0.34 
YPF  0.03 0.53 0.62 0.24 0.05 0.19 0.11 0.34 0.18 -0.27 0.45  0.33 
YPP  0.63 0.65 0.40 0.40 0.19 0.37 0.17 0.43 0.16 -0.27 0.60 0.71  
MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘ × M. sinensis 
‘Cosmopolitan‘. 
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Table 2.5 Genetic map lengths for three diploid F1 Miscanthus populations (one map per parent, 
developed via the pseudo-testcross method for obligately outcrossing species), number of 
mapped SNPs, average inter-marker spacing, range of between-marker spacing, and alignment 
rate against sorghum reference genome (version 2.0). 
Population Map Name 
Length 
(cM) 
No. of 
SNPs 
Avg. inter-
marker 
spacing (cM) 
Inter-marker range (cM) 
Alignment 
rate (%) Min Max 
MapA 'Robustus' 2,102 1,632 1.3 0.0 14.7 64.8 
 
'Cosmopolitan' 1,837 2,351 0.8 0.1 6.4 61.9 
MapB 'Cosmopolitan' 1,936 1,214 1.6 0.0 18.7 60.0 
 
'Silberturm' 1,670 1,257 1.4 0.0 12.9 56.7 
MapC 'November Sunset' 1,762 1,561 1.1 0.0 17.9 59.4 
 
'Cosmopolitan' 1,709 1,605 1.1 0.0 14.6 61.3 
All Consensus map 2,223 7,618 0.3 0.0 10.4 60.1 
MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘ × M. sinensis 
‘Cosmopolitan‘. 
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Table 2.6 Number of QTLs identified for 14 yield traits in 2012 and 2013, and proportion of 
2012 QTLs that were re-identified in 2013 for four QTL-identification methods: 1) individual 
parental map composite interval map (CIM) analysis, 2) individual parental map stepwise 
analysis, 3) consensus map single-population stepwise analysis, and 4) consensus map joint- 
population stepwise analysis. Phenotypic data were from three diploid F1 Miscanthus populations 
(MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘ × M. sinensis 
‘Cosmopolitan‘) established in a field trial with three clonal replications at Urbana, IL in 2011. 
Traits include axillary bud number (Bud), basal circumference (BC), compressed circumference 
(CC), ratio of compressed circumference to basal circumference (CC/BC), culm density 
(CmDen), culm dry weight (CmDW), culm node number (CmNN), culm volume (CmVol), 
diameter of basal internode (DBI), diameter of topmost internode (DTI), days to first flowering 
(1
st
 Flower), plant height (Ht), yield per footprint (YPF), and yield per plant (YPP). 
Trait 
Individual parental map  Consensus map (stepwise) 
CIM analysis 
 
Stepwise analysis 
 
Single-population 
 
Joint-population 
2012 2013 Propn†   2012 2013 Propn   2012 2013 Prop   2012 2013 Propn  
Bud 5 10 1.00  5 6 0.60  3 5 1.00  NA NA NA 
BC 5 9 0.80  6 10 0.67  5 4 0.40  3 4 0.33 
CC 6 6 0.33  6 6 0.17  2 5 0.50  1 5 0.00 
CC/BC 3 9 0.33  3 7 0.33  1 3 1.00  2 4 0.50 
CmDen 8 10 0.63  8 6 0.50  1 2 0.00  0 0 NA 
CmDW 7 17 0.29  7 12 0.57  3 5 0.00  4 0 0.00 
CmNN 12 14 0.58  12 12 0.50  6 7 0.67  6 5 0.67 
CmVol 9 15 0.33  6 15 0.83  4 9 0.25  6 9 0.83 
DBI 11 16 0.64  10 18 0.80  5 8 0.60  6 9 0.83 
DTI 13 17 0.38  10 14 0.50  5 10 0.40  5 7 0.20 
1st Flower NA‡ 22 NA  NA 24 NA  NA 10 NA  NA 9 NA 
Ht 10 19 0.60  10 17 0.60  4 9 0.25  4 5 0.25 
YPF 5 9 0.60  5 8 0.60  3 4 0.67  2 4 0.50 
YPP 10 11 0.60  9 12 0.56  4 6 0.50  4 5 1.00 
Total 104 184 0.54  97 167 0.56  46 87 0.48  43 66 0.53 
† Proportion of 2012 QTL that were re-identified in 2013. 
‡ No data available 
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Table 2.7 Putative candidate genes that are within the confidence intervals of QTLs for basal circumference (BC), compressed 
circumference to basal circumference ratio (CC/BC), culm dry weight (CmDW), culm node number (CmNN), culm volume (CmVol), 
diameter of basal internode (DBI), diameter of topmost internode (DTI), flowering traits PC1 (Flower), plant height (Ht), yield per 
footprint (YPF) and yield per plant (YPP). Only selected candidate genes were listed based on biological interpretations, a complete 
list of candidate genes can be found in Dataset S8. 
Trait LG 
Peak 
(cM) 
QTL confidence 
interval (cM) 
Miscanthus SNP that 
has significant 
candidate gene hits 
within or near QTL 
CI 
Miscanthus 
SNP 
position 
(cM) 
Sorghum 
bicolor 
chromosome 
S. bicolor 
position 
(bp) 
S. bicolor gene 
locus ID 
Arabidopsis 
gene Gene ontology 
BC 2 91.4 79.6 - 103.2 UIMiscanthus074081 91.2 Chr01 59623668 Sobic.001G379900 AT2G40540.1 potassium transporter 2 
BC 3 41.4 28.5 - 54.2 UIMiscanthus077404 49.3 Chr02 8904347 Sobic.002G083200 AT2G32270.1 zinc transporter 3 precursor 
BC 3 86.8 76.1 - 97.5 UIMiscanthus046670 82.8 Chr02 64097903 Sobic.002G255000 AT3G07390.1 auxin-responsive family protein 
BC 9 49.2 36.8 - 61.5 UIMiscanthus090161 39.2 Chr05 3909047 Sobic.005G042200 AT3G18010.1 WUSCHEL related homeobox 1 
BC 10 31.0 28.4 - 33.6 UIMiscanthus070530 30.0 Chr04 5327062 Sobic.004G065600 AT1G15950.1 cinnamoyl coa reductase 1 
CC/BC 1 95.5 84.9 - 106.1 UIMiscanthus066315 95.2 Chr01 59158064 Sobic.001G374900 AT4G15800.1 ralf-like 33 
CC/BC 10 31.0 25.9 - 36.1 UIMiscanthus070530 30.0 Chr04 5327062 Sobic.004G065600 AT1G15950.1 cinnamoyl coa reductase 1 
CmDW 8 31.4 20.7 - 42.2 UIMiscanthus065376 27.8 Chr04 16504002 Sobic.004G129400 AT3G49220.1 
Plant invertase/pectin methylesterase inhibitor 
superfamily 
CmDW 10 31.0 22.8 - 39.1 UIMiscanthus070530 30.0 Chr04 5327062 Sobic.004G065600 AT1G15950.1 cinnamoyl coa reductase 1 
CmNN 2 120.9 110.4 - 131.5 UIMiscanthus049997 116.3 Chr01 63564221 Sobic.001G428500 AT5G14040.1 phosphate transporter 3;1 
CmNN 3 67.8 54.6 - 81.0 UIMiscanthus006012 67.8 Chr02 64831410 Sobic.002G263700 AT1G05910.1 cell division cycle protein 48-related / CDC48-related 
CmNN 7 58.3 51.3 - 65.3 UIMiscanthus046710 57.4 Chr07 854153 Sobic.007G009300 AT1G51950.1 indole-3-acetic acid inducible 18 
CmVol 2 69.3 60.3 - 78.3 UIMiscanthus017282 72.2 Chr01 51094877 Sobic.001G301000 AT1G65680.1 expansin B2 
CmVol 4 77.3 70.1 - 84.6 UIMiscanthus016736 80.0 Chr02 70206991 Sobic.002G333900 AT1G02730.1 cellulose synthase-like D5 
CmVol 10 31.0 29.2 - 32.7 UIMiscanthus070530 30.0 Chr04 5327062 Sobic.004G065600 AT1G15950.1 cinnamoyl coa reductase 1 
CmVol 14 78.5 63.5 - 80.8 UIMiscanthus025499 71.6 Chr08 53184737 Sobic.008G171200 AT1G21250.1 cell wall-associated kinase 
DBI 3 97.3 85.0 - 109.5 UIMiscanthus063763 96.1 Chr02 67333542 Sobic.002G297300 AT2G46820.1 photosystem I P subunit 
DBI 4 78.4 70.1 - 86.7 UIMiscanthus016736 80.0 Chr02 70206991 Sobic.002G333900 AT1G02730.1 cellulose synthase-like D5 
DBI 6 73.4 57.9 - 89.0 UIMiscanthus076514 61.6 Chr03 15372320 Sobic.003G147700 AT5G64620.1 cell wall / vacuolar inhibitor of fructosidase 2 
DBI 10 31.0 28.7 - 33.2 UIMiscanthus070530 30.0 Chr04 5327062 Sobic.004G065600 AT1G15950.1 cinnamoyl coa reductase 1 
DTI 3 70.9 56.2 - 85.5 UIMiscanthus006012 67.8 Chr02 64831410 Sobic.002G263700 AT1G05910.1 cell division cycle protein 48-related / CDC48-related 
DTI 7 57.7 46.0 - 69.3 UIMiscanthus029239 66.1 Chr07 64081260 Sobic.007G225900 AT1G21230.1 wall associated kinase 5 
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Table 2.7 (cont.) 
Trait LG 
Peak 
(cM) 
QTL confidence 
interval (cM) 
Miscanthus SNP that 
has significant 
candidate gene hits 
within or near QTL CI 
Miscanthus 
SNP 
position 
(cM) 
Sorghum 
bicolor 
chromosome 
S. bicolor 
position 
(bp) 
S. bicolor gene 
locus ID 
Arabidopsis 
gene Gene ontology 
DTI 7 77.9 63.5 - 92.4 UIMiscanthus057259 73.8 Chr07 58926704 Sobic.007G166900 AT1G75500.1 Walls Are Thin 1 
DTI 12 64.1 54.5 - 73.6 UIMiscanthus077528 58.6 Chr06 56705319 Sobic.006G208100 AT4G10310.1 high-affinity K+ transporter 1 
DTI 13 35.6 17.7 - 53.6 UIMiscanthus012295 39.4 Chr07 5105378 Sobic.007G050600 AT5G16910.1 cellulose-synthase like D2 
DTI 14 78.5 69.7 - 80.8 UIMiscanthus025499 71.6 Chr08 53184737 Sobic.008G171200 AT1G21250.1 cell wall-associated kinase 
Flower 1 80.1 65.8 - 94.4 UIMiscanthus027709 76.0 Chr01 13926087 Sobic.001G167600 AT5G66870.1 ASYMMETRIC LEAVES 2-like 1 
Flower 2 111.8 89.3 - 152.1 UIMiscanthus014284 71.7 Chr01 50996611 Sobic.001G300300 AT1G09530.1 Phytochrome interacting factor3, near sorghum Ma3 
Ht 7 56.3 39.9 - 72.7 UIMiscanthus046710 57.4 Chr07 854153 Sobic.007G009300 AT1G51950.1 indole-3-acetic acid inducible 18 
Ht 8 16.2 0.0 - 36.5 UIMiscanthus074177 1.5 Chr04 834834 Sobic.004G009500 AT5G60770.1 nitrate transporter 2.4 
Ht 12 67.5 53.4 - 81.6 UIMiscanthus077528 58.6 Chr06 56705319 Sobic.006G208100 AT4G10310.1 high-affinity K+ transporter 1 
YPF 1 114.6 103.0 - 126.2 UIMiscanthus087933 120.3 Chr01 67182401 Sobic.001G470800 AT5G10180.1 slufate transporter 2;1 
YPF 12 25.0 15.6 - 34.5 UIMiscanthus015755 27.2 Chr06 45853101 Sobic.006G080800 AT2G32540.1 cellulose synthase-like B4 
YPP 10 31.0 27.6 - 34.3 UIMiscanthus070530 30.0 Chr04 5327062 Sobic.004G065600 AT1G15950.1 cinnamoyl coa reductase 1 
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Fig. 2.1 Distributions and means for 14 yield traits of three diploid F1 Miscanthus populations, 
their parents, and the high-yielding control, M×g ‘1993-1780’, established in a field trial with 
three clonal replications at Urbana, IL in 2011. Traits include plant height (Ht), compressed 
circumference (CC), basal circumference (BC), ratio of compressed circumference to basal 
circumference (CC/BC), yield per plant (YPP), yield per area (YPA), days to first flowering (1
st
 
Flower), culm density (CmDen), culm dry weight (CmDW), culm node number (CmNN), culm 
volume (CmVol), diameter of basal internode (DBI), diameter of topmost internode (DTI), and 
axillary bud number (Bud).  
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Fig. 2.2 Number of mapped markers on each of six parental maps and number of co-segregating 
markers between parental maps for three diploid F1 Miscanthus populations (one map per parent, 
developed via the pseudo-testcross method for obligately outcrossing species). Light blue, dark 
blue, and green inner and/or outer circles indicate parental maps for populations MapA, MapB 
and MapC, respectively; red inner circles represent a parent in-common to all three populations, 
M. sinensis ‘Cosmopolitan‘. The number inside each circle shows number of mapped markers on 
each parental map. The number between the circles shows number of co-segregating markers. 
MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis 
‘Cosmopolitan‘.  
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Fig. 2.3 Genetic maps of Miscanthus. (a) Consensus genetic map of six individual parental maps 
for three diploid F1 Miscanthus populations (one map per parent, developed via the pseudo-
testcross method for obligately outcrossing species). The three populations were MapA: M. 
sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis ‘Cosmopolitan‘× M. 
sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis ‘Cosmopolitan‘. 
Horizontal axis represents each of 19 linkage groups, and vertical axis represents marker position 
in centimorgans (cM); (b) Genomic synteny between Miscanthus and Sorghum bicolor. 
Horizontal axis shows the genetic position of markers on 19 Miscanthus linkage groups, in 
centimorgans (cM); vertical axis shows map position of markers aligned to the 10 sorghum 
chromosomes, in base pairs (bp). Each dot represents a single marker.  
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Fig. 2.4 Comparisons of QTLs identified in four QTL-identification strategies: 1) individual 
parental map composite interval map analysis, 2) individual parental map stepwise analysis, 3) 
consensus map single-population stepwise analysis, and 4) consensus map joint- population 
stepwise analysis. Phenotypic data were from three diploid F1 Miscanthus populations (MapA: 
M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis ‘Cosmopolitan‘× 
M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis ‘Cosmopolitan‘) 
established in a field trial with three clonal replications at Urbana, IL in 2011. Inside each circle, 
numbers of total QTLs and corresponding meta-QTLs are shown. Numbers between the circles 
indicate the number of meta-QTLs in common between the analysis methods. Summary at the 
bottom indicates, for each analysis method, the average QTL confidence interval and associated 
standard error for the 59 meta-QTLs in common among all four methods, and for all meta-QTLs.  
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Fig. 2.5. Localization of meta-QTLs identified in each of four QTL-identification strategies: 1) 
individual parental map composite interval map analysis, 2) individual parental map stepwise 
analysis, 3) consensus map single-population stepwise analysis, and 4) consensus map joint- 
population stepwise analysis. Phenotypic data were from three diploid F1 Miscanthus populations 
(MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis 
‘Cosmopolitan‘) established in a field trial with three clonal replications at Urbana, IL in 2011. 
The horizontal axis represents marker position on the consensus genetic map. Colored bars 
represent confidence intervals of QTLs, and dots show peak positions of QTLs. 
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CHAPTER 3 
GENETIC VARIATION FOR OVERWINTERING ABILITY IN MISCANTHUS 
3.1 Abstract 
Overwintering ability is an important selection criterion for Miscanthus breeding in temperate 
regions. Insufficient overwintering ability of the currently leading Miscanthus biomass cultivar 
M. ×giganteus (M×g) ‘1993-1780‘ in regions where average annual minimum temperatures are -
26.1 C (USDA hardiness zone 5b) or lower poses a pressing need for developing new cultivars 
with superior cold tolerance that could be optimized for regions with severe winters. Three 
complementary studies on the genetics of overwintering ability of Miscanthus were conducted: 
1) an interconnected population consisting of three full-sib families each with a parent in 
common evaluated in the field at Urbana, IL, 2) an M. sinensis germplasm panel consisting of 
564 accessions evaluated in field trials at three locations in Asia and two in North America, and 
3) comparison of 13 M. ×giganteus genotypes at Urbana, IL, Dixon Springs, IL, and Jonesboro, 
AR. By using joint population analysis of the three interconnected F1 diploid populations that 
shared a common parent, we identified 53 quantitative trait loci (QTLs) for nine adaptation 
traits, including nine overwintering ability QTLs. Negative correlations between overwintering 
ability and spring regrowth date and autumn dormancy date suggested that the genotypes most 
likely to survive winters were those that emerged early in spring and/or went dormant early in 
autumn. From genome-wide association analyses (GWA) of the germplasm panel study, we 
detected 73 marker-trait associations for overwintering ability. We found that Korea/N China M. 
sinensis genetic group could be a valuable gene pool for cold tolerance. The M. sinensis 
Yangtze-Qinling, Southern Japan and Northern Japan genetic groups were also potential sources 
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of cold-tolerance. Comparisons between QTL analyses and GWA analyses, we found two 
overwintering ability QTLs that corresponded to seven GWA hits. One QTL on Miscanthus LG 
8 encompassed five GWA hits and a known cold-responsive gene, COR47. The other 
overwintering ability QTL on Miscanthus LG 11 contained two GWA hits and two known cold 
stress-related genes, carboxylesterase 13 (CEX13) and WRKY transcription factor (WRKY2). 
The QTL on LG 11 was also surrounded by one cold shock domain (CDSP1). Many biologically 
intuitive candidate genes were observed within or near the QTLs and GWA hits detected in this 
study, suggesting their validity and potential for further study. From the comparison of 13 M×g 
genotypes at three US locations, we identified several genotypes with superior cold tolerance to 
the commercial cultivar ‘1993-1780‘, suggesting a promising future for improving adaptation in 
Miscanthus. 
3.2 Introduction 
The perennial C4 grass Miscanthus is a promising bioenergy crop (Clifton-Brown et al., 2004, 
2008; Heaton et al., 2004, 2008; Somerville et al., 2010; Głowacka et al., 2014a). Key objectives 
for Miscanthus breeding are greater biomass yield and better adaptation to local production 
environments than the current leading biomass cultivar of M. × giganteus (M×g). Currently, only 
a single triploid clone of M×g, which is derived from the interspecific hybridization between M. 
sacchariflorus and M. sinensis, is available to US farmers (Hodkinson & Renvoize, 2001; 
Głowacka et al., 2014b). We refer to this genotype as M×g ‘1993-1780’ in reference to its 
accession number in the Kew Living Collection (Hodkinson & Renvoize, 2001), and it was first 
imported from Yokohama Japan to Denmark in the 1930’s (Greef & Deuter, 1993; Linde-
Laursen, 1993); in previous studies we called this genotype ‘Illinois’, as we obtained our initial 
stock plant from the Chicago Botanic Garden (Maughan et al., 2011). Natural populations of 
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Miscanthus are found from tropical and subtropical areas of East Asia and Oceania to ~50 N in 
eastern Russia (Clifton-Brown et al. 2008; Sacks et al., 2013). Such a wide distribution of 
Miscanthus provides a genetically diverse and valuable gene pool from which to breed new 
cultivars, including those of M×g.  
Overwintering ability is an important selection criterion for perennial bioenergy crops in 
temperate environments (Clifton-Brown et al., 2000, 2001; Burner et al., 2009). Insufficient 
overwintering ability is a consistent limitation of M×g ‘1993-1780’ in regions with cold winters, 
such as those in USDA hardiness zone 4 (average annual minimum air temperature of -34.4° C) 
and lower, and an intermittent problem in hardiness zones 5 (average annual minimum air 
temperature of -28.9° C) and zone 6 (average annual minimum air temperature of -23.3° C) 
(Clifton-Brown & Lewandowski, 2000; Heaton et al., 2008; Jørgensen et al., 2003; 
Lewandowski et al., 2000). Clifton-Brown & Lewandowski (2000) observed variation among 
two M×g, one M. sacchariflorus, and two M. sinensis grown at four field trial locations in 
Europe for ability to survive the first winter, and this was not associated with plant size or early 
senescence in the first autumn; moreover results of controlled environment freeze tests on 
dormant rhizomes removed from the field during the winter found that the lethal temperature at 
which 50% of the rhizomes died (LT50) was consistent with the field trial observations, with -3.4 
°C for M×g ‘1993-1780’ and M. sacchariflorus, whereas the most winter-hardy M. sinensis 
genotype had an LT50 of -6.5 °C. Similarly, Friesen et al. (2015) reported that the LT50 for 
dormant rhizomes of M×g ‘1993-1780’ was -4 °C and it had only 10% survival at -8 °C based on 
controlled environment tests. Heaton et al. (2008) noted that M×g ‘1993-1780’ could survive in 
the field when air temperatures during the establishment winter were as low as -8 °C, with only a 
14% loss of plants observed at a northern Illinois site (Shabbona, IL) in the first year, and no 
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losses observed at two more southern locations in year 1 or at any of the locations in the 
following years.  
Miscanthus is most sensitive to winter-damage during the establishment year (i.e. first 
winter). Christian & Haase (2001) hypothesized that first year plants of M×g ‘1993-1780’ did not 
go to dormant early enough in the season to avoid damage from cold temperatures. Boersma et 
al. (2015) found that when autumn temperature fell below 10 C° in Ontario, Canada, CO2 
assimilation rate (A) and photosystem II efficiency (фPSII) for first-year stands of M×g ‘1993-
1780’ were almost 4 times higher than for third-year plants, and leaf ([N]) was about 2.4 times 
greater, suggesting that the first year plants were still actively growing before a killing frost. 
From this photosynthesis data, Boersma et al. (2015) concluded that limited translocation of 
nutrients to rhizomes in the first year plants of M×g ‘1993-1780’ contributed to their poorer 
overwintering ability than the third year plants in Ontario, though no measurements of rhizome 
nutrient contents were made. Genetic variation in Miscanthus for overwintering ability in the 
establishment year could be due to differences in freeze tolerance of dormant rhizomes, 
differences among genotypes in the timing of dormancy and translocation of nutrients 
belowground, differences in depth of dormant buds in the soil to facilitate avoidance of freezing 
temperatures, or combinations of these traits.  
Past studies of overwintering ability and freeze tolerance have been constrained by access 
to only a narrow subset of Miscanthus genetic diversity. In studies of population structure, Clark 
et al. (2014, 2015) identified seven distinct genetic groups of M. sinensis from Asia, including 
three from Japan, three from China, one from Korean and N China; additionally, two M. sinensis 
groups from the US that were derived from the South and Central Japan groups, including US 
ornamental cultivars, and the US naturalized populations, and a group of natural diploid M. 
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sacchariflorus × M. sinensis hybrids (i.e. diploid M×g) found in Asia were identified. Given that 
the M. sinensis germplasm that has been available in Europe and North America was derived 
entirely from the southern and central Japan populations (Clark et al., 2014, 2015), studies of 
hardiness have been limited to just a subset of the southern Japanese germplasm, which itself is a 
subset of the entire species’ diversity. For M. sacchariflorus, the situation is similar, with prior 
studies of hardiness conducted almost entirely on tetraploids from southern Japan, with the 
exception of just one diploid genotype (M. sacchariflorus ‘Robustus’) that originated from near 
the Amur River around the border of northeastern China and southeastern Russia. Moreover, 
prior studies of M×g have focused on only one or a few genotypes because different genotypes 
were not available prior to recent efforts by ourselves and others to collect and breed new ones.  
Thus, an important question for Miscanthus breeders who target temperate growing 
environments such as the northern US, Canada and northern Eurasia is: Which species, 
populations within species, and genotypes within populations are best adapted to the severe 
winters in these locations and are also able to produce high biomass yields? We hypothesize that 
Miscanthus accessions collected from high latitude and/or high altitude locations with cold 
winters will have higher rates of overwintering in hardiness zone 5 environments such as central 
Illinois, and more alleles for overwintering, than accessions collected from southern locations 
with mild winters. 
Genetic mapping to identify quantitative trait loci (QTLs) associated with valuable traits 
in Miscanthus is a first critical step to enable marker-assisted selection in this crop. Given that 
Miscanthus is a long-lived perennial, marker-assisted selection is expected to greatly improve 
breeding efficiency. As Miscanthus is an obligately outcrossing species due to self-
incompatibility, genetic mapping has primarily been conducted using the pseudo-testcross 
94 
 
strategy on F1 progeny (Atienza et al., 2002; Kim et al., 2012; Ma et al., 2012; Swaminathan et 
al., 2012; Gifford et al., 2015; Liu et al., 2015; Dong et al., 2017). However, few QTL studies on 
Miscanthus have been published and these have focused primarily on yield traits of M. sinensis; 
to the best of our knowledge, none have been published on overwintering ability. A 
complementary approach to genetic mapping in biparental populations is genome-wide 
association (GWA) analysis of diverse germplasm panels. GWA is a powerful approach to 
determine the genetics of complex traits by exploiting linkage disequilibrium between a marker 
allele and the causative QTL allele, but like biparental QTL mapping, GWA has not yet been 
used to study overwintering ability in Miscanthus. GWA typically identifies associations with 
high precision, whereas biparental mapping is less precise but has greater ability to detect 
associations (Lipka et al., 2015). Marker-trait associations identified via biparental genetic 
mapping and GWA enable plant breeders to efficiently select superior genotypes and thus 
accelerate breeding (Lipka et al., 2014), which can be especially valuable for breeding perennial 
crops like Miscanthus that have multi-year selection cycles. 
Thus, the objectives of this study were to 1) identify QTLs associated with overwintering 
ability and adaptation traits in three interconnected bi-parental F1 populations that we previously 
studied for yield traits, 2) identify molecular markers associated with overwintering ability by 
screening a panel of 564 M. sinensis genotypes at three locations in North American and two in 
Asia, and 3) evaluate adaptation of new M×g genotypes at two locations in Illinois (Champaign 
and Dixon Springs) and one location in Arkansas (Jonesboro). 
 
 
95 
 
3.3 Materials and Methods 
Three field trial experiments (Expts 1-3) were conducted to evaluate overwintering ability of 
Miscanthus under natural conditions (Table 3.1). In Experiment 1, we studied three 
interconnected F1 populations to map QTLs for overwintering ability of established year 3 plants 
during the exceptionally cold winter of 2013-2014, and eight additional adaptation traits in field 
trials at Urbana, IL. In Experiment 2, we evaluated a germplasm panel of 564 M. sinensis at three 
North American locations (Fort Collins, CO; Leamington, ON; Urbana, IL) and two Asian 
locations (Chuncheon, South Korea; Sapporo, Japan), and performed genome-wide association 
analyses for overwintering ability in years 1 and 2. In Experiment 3, we compared 13 M×g 
genotypes at three US field trial locations (Urbana, IL; Dixon Springs, IL, and Jonesboro, AR) 
for overwintering ability of year 1 plants during the exceptionally cold winter of 2013-2014. For 
all three field trial experiments, overwintering ability was calculated as: 0, plant was alive in 
previous year’s autumn but was dead in current year’s spring; 1, plant was alive in previous 
year’s autumn and also regrew in current year’s spring. For each trial location, data on air 
temperature (daily mean, maximum and minimum) were compiled from nearby weather stations. 
For the IL locations, daily records of soil temperature at 10 cm below the surface were also 
obtained.  
Experiment 1: QTL Mapping for Overwintering Ability in Three Biparental Interconnected 
Diploid Miscanthus Populations 
Plant Materials and Experimental Design 
Three interconnected diploid F1 populations that we previously studied for biomass traits were 
evaluated for overwintering ability of established year 3 plants during the especially cold winter 
96 
 
of 2013-2014 in Urbana, IL (minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 
and a minimum air temperature of -25.3 C on 7 February 2014; Table 3.2, Dong et al., 2017). 
Because Miscanthus is self-incompatible, individuals are highly heterozygous and F1 populations 
segregate. Briefly, the three populations were developed using M. sinensis ssp. condensatus 
‘Cosmopolitan‘ as a common parent, and the three other parents were M. sacchariflorus 
‘Robustus‘ (MapA), M. sinensis ‘Silberturm‘ (MapB), and M. sinensis ‘November Sunset‘ 
(MapC). All of the parents are diploid (Table 3.2). Three field trials, one for each population, 
were planted in close proximity to each other at the Univ. of Illinois Energy Farm in Urbana, IL 
in June 2011. Each field trial was a randomized complete block design with three replications. In 
each of the field trials, the same set of 13 control genotypes, including the parents of each 
population, were planted; thus, the trials were analogous to locations for the control set of 
genotypes, and this enabled testing of genotype by trial interactions. Detailed information on 
population development, field trials and management were described previously in Dong et al. 
(2017).  
Data Collection 
Data for nine adaptation traits (Table 3.5) were collected on the three populations from 2013 
(Yr3) to 2014 (Yr4). In 2013, we collected data on spring regrowth date, which was the date of 
tiller emergence; autumn dormancy date, which was the date of yellowing or non-green leaves 
on ≥ 25% of plant; number of growing days, which was calculated by subtracting autumn 
dormancy date by spring regrowth date; and autumn frost damage score, which was used to 
estimate percentage of total leaf area that was damaged based on 0-11 scale, where 0 = no frost 
damage and 11 = complete frost damage. In the spring of 2014, we phenotyped hardiness score 
and vigor of live plants in both May and June. Hardiness score was recorded as the ratio of 
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number of new tillers to the number of previous year's tillers with an increment of 10%. Vigor 
score was a 1-9 scale, where 1 = extremely vigorous, 3 = above average vigor, 5 = average vigor, 
7 = below average vigor, and 9 = weak. Overwintering ability data were calculated based on 
survival data of 2013 autumn and 2014 spring; only plants that were alive in autumn 2013 were 
evaluated for overwintering ability. Thus, all nine traits had one year of data. 
Statistical Analysis of Phenotypic Data 
Initial analyses of variance (ANOVAs) were conducted with only the 13 control entries that were 
planted in each trial to test for possible interactions between genotype and trial (i.e. location). No 
significant environment and genotype by environment interactions were detected (Table B.1). 
Subsequent ANOVAs were conducted independently for each of the nine traits within each 
population using the MIXED procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, USA) 
following the model, 𝑦𝑖𝑗 = 𝜇 + 𝐺𝑖 + 𝐵𝑗 + 𝜀𝑖𝑗, where 𝑦 equals the response variable, 𝐺 equals the 
genotype, 𝐵 equals the block, and 𝜀 equals error. Genotype was treated as fixed and block was 
treated as random, and least squares means (LS means) were calculated. Broad-sense heritability 
(H
2
) was estimated using the same model as described above except that genotype was set as 
random. Pearson’s correlation coefficients among the nine traits were calculated in SAS 
procedure CORR. Genetic correlation coefficients were calculated with SAS procedure GLM 
using the MANOVA option.  
QTL Analyses 
The Miscanthus consensus genetic map constructed in Dong et al. (2017) was used for QTL 
analyses. For each of the three interconnected F1 populations, single-population analyses were 
performed by fitting a linkage model using stepwise regression of trait LSmeans on markers. 
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Each marker entered or exited the model based significance level determined by 1000-
permutation test (Churchill & Doerge, 1994). Joint-population analyses across all three 
populations were performed following a similar strategy, except that first a population main 
effect was fit in the joint stepwise regression model followed by the selection of marker effects 
nested within population to enter or exit the model based on the p-value calculated for the F-test 
(Buckler et al., 2009). 
Experiment 2: Genome-wide Association Study for Overwintering Ability in An M. sinensis 
Diversity Panel Trialed at Two Locations in Asia and Three in North America 
Plant Materials and Experimental Design 
We studied the overwintering ability of 565 Miscanthus genotypes, including 561 M. sinensis, 3 
closely related M. floridulus and the M×g ‘1993-1780’ control. Hereafter we refer all 561 M. 
sinensis and 3 closely related M. floridulus as M. sinensis since Clark et al. (2014) found the M. 
floridulus were part of the South-eastern China M. sinensis group. These 564 genotypes were 
previously assigned to the following eight genetic groups (Clark et al., 2014, 2015): US 
ornamental cultivars (76), US naturalized populations (38), Southern Japan (28), Northern Japan 
(83), Korea/N China (155), Sichuan Basin (25), Yangtze-Qinling (73), South-eastern China plus 
tropical (87). Six of the aforementioned genetic groups were previously determined based on 
discriminant analysis of principal components (DAPC; Jombart et al., 2010) and by the software 
Structure (Falush et al., 2003); the US ornamental cultivars and US naturalized populations were 
found to be derived from Southern Japan and were labeled independently to denote their 
provenance (Clark et al., 2014, 2015). Moreover, about half of the accessions in the US 
ornamental cultivars group have ≤30% ancestry from diploid M. sacchariflorus, presumably due 
to introgression of genes from diploid M. ×giganteus ‘Purpurascens’ (Clark et al., 2014, 2015). 
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Detailed information of these 564 M. sinensis accessions are listed in Table B.2. All accessions 
were maintained as clonal stock plants in pots at a greenhouse at New Energy Farms in Ontario, 
Canada and vegetatively propagated. Ramets of each accession were distributed to each of the 
five field trial locations during the winter of 2012. 
In the spring of 2012, field trials were planted at two locations in East Asia (Table 3.3; 
HU = Hokkaido University, Sapporo, Japan; KNU = Kangwon National University, Chuncheon, 
South Korea) and three in North America (UI = University of Illinois at Urbana-Champaign, 
Urbana, IL, USA; CSU = Colorado State University, Fort Collins, CO, USA; NEF = New 
Energy Farms, Leamington, ON, Canada). Additional field trials were planted in 2013 at three 
locations (UI, CSU and KNU; Table 3.3). Thus, a total of eight field trials were conducted. 
Nearly a full complement of the entire panel of 564 M. sinensis genotypes was planted in each of 
trials at HU, KNU, and NEF. However, due to U.S. quarantine restrictions, only a subset of M. 
sinensis genotypes were planted in the field trials at UI and CSU (141 in 2012 trial, 163 in 2013 
trial). Each field trial was arranged in a randomized complete block design with four replications 
except for KNU, where only one block included the entire panel and two additional small blocks 
included a subset of 141 genotypes due to space constraints. Each plot contained one plant. 
Spacing between and within rows was 1.5 m. In each trial, irrigation was applied as needed 
during the first year to ensure good establishment and discontinued in subsequent years. The 
USDA hardiness zones of the field locations ranged from 5 to 7 (Table 3.3). 
Data Collection 
Overwintering ability of each plant in each of the eight field trials was evaluated for the first and 
second winters post-establishment (Table 3.5). For the 2012 trials at all five locations, 
overwintering ability was evaluated after the 2012-2013 and 2013-2014 winters. For the 2013 
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trials at UI, CSU and KNU, overwintering ability was evaluated for 2013-2014 winter only at UI 
and CSU, and for both the 2013-2014 and 2014-2015 winters at KNU. In summary, a total of 14 
overwintering ability evaluations were performed for these eight field trials across five locations. 
For each location, daily air temperature (minimum, maximum, and mean) and precipitation were 
recorded. 
Statistical Analysis of Phenotypic Data 
Analyses of variance (ANOVAs) were conducted in SAS Mixed procedure (SAS Institute Inc., 
Cary, NC, USA) to determine how overwintering ability during the first and second winters, 
were each affected by genetic group, genotype, location, year of establishment, number of 
growing seasons, and their interactions using the mixed linear model: 𝑂𝑊𝐴𝑖𝑗𝑘𝑙𝑚 = 𝜇 +
𝐷𝐴𝑃𝐶𝑖 + 𝐺(𝐷𝐴𝑃𝐶)𝑖𝑗 + 𝐿𝑘 + 𝑌𝑙 + 𝑆𝑚 + 𝐵(𝐿𝑌)𝑘𝑙𝑛 + 𝐷𝐴𝑃𝐶 ∗ 𝐿𝑖𝑘 +  𝐷𝐴𝑃𝐶 ∗ 𝑌𝑖𝑙 + 𝐷𝐴𝑃𝐶 ∗
𝑆𝑖𝑚 + 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝐿𝑖𝑗𝑘 +  𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑌𝑖𝑗𝑙 + 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑆𝑖𝑗𝑚 + 𝜀𝑖𝑗𝑘𝑙𝑚𝑛, where 𝑂𝑊𝐴 represents 
overwintering ability, 𝜇 is the grand mean, 𝐷𝐴𝑃𝐶 represent the genetic groups determined in 
Clark et al. (2014, 2015), 𝐺(𝐷𝐴𝑃𝐶) is genotype nested in genetic group, 𝐿 is location, 𝑌 is year, 
𝑆 is growing season, 𝐵(𝐿𝑌) is block nested in location by year (field trial), 𝐷𝐴𝑃𝐶 ∗ 𝐿 represents 
genetic group by location interaction, 𝐷𝐴𝑃𝐶 ∗ 𝑌 represents genetic group by year interaction, 
𝐷𝐴𝑃𝐶 ∗ 𝑆 represents genetic group by growing season interaction, 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝐿 represents 
genotype nested within genetic group by location interaction, 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑌 represents genotype 
nested within genetic group by year interaction, 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑆 represents genotype nested within 
genetic group by growing season interaction, and 𝜀 is random error. All model terms were set as 
fixed except for block. To estimate best linear unbiased predictors (BLUPs) of overwintering 
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ability for each combination of winter, trial location and year of establishment, ANOVAs were 
conducted using the random model: 𝑂𝑊𝐴𝑖𝑗 = 𝜇 + 𝐺𝑖 + 𝐵𝑗 + 𝜀𝑖𝑗. 
Marker Development and Missing Data Imputation 
Restriction site-associated DNA sequencing (RAD-seq) was performed according to a previously 
described protocol (Clark et al. 2014). In brief, genomic DNA was digested with MspI and either 
PstI-HF or NsiI-HF (New England Biolabs). Digested DNA was then ligated to a barcoded 
adapter with a PstI/NsiI overhang and a universal adapter with a MspI overhang. Ninety-five 
barcoded samples were then pooled into one library, and 200-500 bp PCR products were selected 
on 2% agarose. Libraries were sequenced on an Illumina HiSeq 2500 at the Roy J. Carver 
Biotechnology Center at the University of Illinois. Nine PstI libraries from a previous study 
(Clark et al. 2014; data available at the NCBI Sequence Read Archive, accession SRP026347), 
as well as eight additional PstI libraries and 13 NsiI libraries (Clark et al., 2016; data available at 
NCBI, accession SRP063572), were included in the analysis. Because diploid M. sinensis has a 
large genome ~5.3 Gb (Chae et al., 2014; Rayburn et al., 2009), multiple sequencing runs can 
improve read depth and reduce missing data, which is especially important for correctly calling 
heterozygous loci in obligately outcrossing species such as this. Therefore, every individual in 
the study was included in at least two PstI libraries and two NsiI libraries. 
Currently, no Miscanthus reference genome is available and previous genomic 
sequencing and genetic mapping studies have demonstrated the utility of sorghum as a reference 
genome for Miscanthus (Kim et al., 2012; Ma et al., 2012; Swaminathan et al., 2010, 2012; 
Dong et al., 2017). SNPs were mined from all M. sinensis entries included in the field trial using 
the UNEAK pipeline (version 3.0 standalone; Lu et al. 2013) with an initial minimum call rate of 
0.04 and a minimum minor allele frequency of 0.002. Three doubled haploid M. sinensis 
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individuals (Głowacka et al., 2012; Swaminathan et al., 2012) were also included in the analysis 
to identify and remove any SNPs that appeared heterozygous and thus likely the result of 
paralogs. The dataset was then filtered to only include SNPs that had at least a 70% call rate in at 
least one of the genetic groups previously identified by discriminant analysis of principal 
components (Jombart et al., 2010; Clark et al., 2014) and a minor allele frequency of at least 
0.05 in at least one of the nine groups, resulting in 70,327 SNPs retained, with an overall missing 
data rate of 39%. Imputation was performed with an estimation-maximization (EM) method 
based on relatedness (Poland et al., 2012) implemented in the R package rrBLUP (Endelman, 
2011). To obtain genomic positions of SNPs for Manhattan plots and identify candidate genes, 
sequence tags were aligned to the Sorghum bicolor 3.0 reference genome (DOE-JGI, 
http://phytozome.jgi.doe.gov/) using Bowtie2 (Langmead and Salzberg, 2012). 
Genome-wide Association Analysis 
GWA analyses for overwintering ability were performed on the 564 M. sinensis genotypes 
(including the three M. floridulus) for each combination of growing season (i.e. winter) and field 
trial separately, for a total of 14 analyses. GWA analyses were performed using a multi-locus 
mixed model (MLMM) (Segura et al., 2012) implemented in R (R Core Team, 2013). To control 
for the confounding effects of cryptic relatedness and population structure, we incorporated into 
the MLMM model the additive relationship matrix that was calculated using the EM imputation 
method in rrBLUP (Endelman et al., 2011; Poland et al., 2012) and principal components of 
population structure calculated in R package adegenet (Jombart et al., 2010). For each GWA 
analysis, the number of significant markers in the model was determined based on extended 
Bayesian information criterion (EBIC) model selection.  
103 
 
Experiment 3: Overwintering Ability of New Triploid and Tetraploid M×g Genotypes at Two 
Locations in Illinois and One in Arkansas 
Plant Materials and Experiment Design 
Fifteen Miscanthus genotypes were evaluated for overwintering ability, including 13 M×g, one 
M. sinensis and one M. sacchariflorus (Table 3.4). Nine of the M×g genotypes were triploid, 
including the commercial standard ‘1993-1780’, four full-sibs from a cross we made at the Univ. 
of Illinois (10UI-032 series), three from wild-collected seed harvested in Kyushu Japan (Ogi 
series; Nishiwaki et al., 2011), and a new cultivar named ‘Nagara‘ selected from a cross by M. 
Deuter at Tinplant (Patent No.: USPP22033 P2; Deuter, 2011). Four of the M×g were tetraploid 
(PF series, kindly provided by New Energy Farms, Leamington, ON, Canada). The two parents 
of the triploid full-sib progeny, M. sacchariflorus 4x ‘Bluemel‘ and M. sinensis ssp. condensatus 
'Cabaret', were included as controls. M. sacchariflorus 4x ‘Bluemel‘ was previously observed to 
be hardy in Urbana, IL, but M. sinensis ssp. condensatus 'Cabaret' was previously found to be 
only marginally hardy in central IL (Kaiser & Sacks, 2015). Each genotype was vegetatively 
propagated by dividing rhizomes of stock plants and growing ramets in 38-cell trays (PL-36-
STAR*, T.O. Plastics, Clearwater, MN, USA) in a greenhouse at Urbana, IL.  
Field trials were established on May 13-14, 2013 at Urbana, IL (40.1° N, 88.2° W), on 
May 21, 2013 at Dixon Springs, IL (37.6° N, 88.7° W) and on May 1, 2013 at Jonesboro, AR 
(35.8° N, 90.7° W). For each location, the field trial was a randomized complete block design 
with four replications. Within each block, each genotype was planted in a four-row plot with 
eight plants per row. The spacing between and within rows was 1 m. Irrigation was applied as 
needed during the first year. In the spring of each year, 100.8 kg N ha
-1
 was applied. To control 
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weeds, Atrazine at 2.8 kg ha
-1
, S-metolachlor at 1.5 L ha
-1
 and 2,4-D at 1.8 L ha
-1
 were applied. 
Hand-weeding was done as needed. 
Data Collection 
Survival data was taken on each plant in the autumn of 2013 and spring of 2014. The winter of 
2013-2014 was especially cold in the northern US Midwest, with minimum air temperatures of -
25.3 C, -17.3 C, and -13.4 C at Urbana, Dixon Springs, and Jonesboro, respectively. 
Overwintering ability during the first winter was calculated based on the survival data (Table 
3.5). To evaluate the effects of the 2013-2014 winter on the plants in greater detail than binary 
survival detail would allow, in May of 2014 we also took plant hardiness score data (the ratio of 
number of new tillers to number of previous year's tillers, recorded as percentage every 10%; 
Table 3.5) at Urbana and Dixon Springs. At the warmest and most southern location, Jonesboro, 
plant hardiness score data was not taken because all of the genotypes there survived and grew 
vigorously in 2014. 
Statistical Analysis of Phenotypic Data 
Individual plot values for overwintering ability and plant hardiness were first calculated from 
data on individual plants (subsamples) within each of the four-row plots (32 plants per plot). 
Then, based on plot values, ANOVAs were conducted with SAS Procedure MIXED (SAS 
Institute Inc., Cary, NC, USA) to assess the effects of genotype, location, and genotype by 
location interactions on overwintering ability and plant hardiness using the following linear 
model: 𝑦𝑖𝑗𝑘 = 𝜇 + 𝐿𝑖 + 𝐵𝑗(𝑖) + 𝐺𝑘 + 𝐺𝐿𝑖𝑘 + 𝜀𝑖𝑗𝑘, where y is the dependent variable 
(overwintering ability or hardiness score), 𝜇 is the grand mean, 𝐿 is location, 𝐵 is block nested in 
location, 𝐺 is genotype, 𝐺𝐿 is genotype by location interaction, and 𝜀 is error. Location and 
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genotypes were fixed effects, and block nested in location was a random effect in the model. 
Genotype LSmeans at each field trial location were calculated using the linear model: 𝑦𝑖𝑗 = 𝜇 +
𝐺𝑖 + 𝐵𝑗 + 𝜀𝑖𝑗, where y is the dependent variable (overwintering ability or hardiness score), 𝜇 is 
the grand mean, 𝐺 is genotype, 𝐵 is block, and 𝜀 is error.   
3.4 Results 
Experiment 1: QTL Mapping for Overwintering Ability in Three Biparental Interconnected 
Diploid Miscanthus Populations 
Among the three interconnected F1 populations, and among the 13 control genotypes (which 
included the four parents of the three populations), large and highly significant differences were 
observed for overwintering ability, hardiness score, and post-winter vigor (Tables 3.6, B.1, B.2, 
Figs. 3.1, 3.2). After the especially cold winter of 2013-2014 at Urbana, IL (minimum air 
temperature of -25.3 °C; minimum soil temperature at 10 cm of -6.2 °C), most of the 13 control 
entries, which were mainly ornamental M. sinensis cultivars, were damaged and/or dead, even 
though they were established plants that had grown well for three seasons prior (Table B.2, Figs. 
3.1, 3.2; Dong et al., 2017). However, all plants of the commercial biomass cultivar M×g ‘1993-
1780’ survived the winter; though May hardiness and vigor scores indicated that the plants were 
winter-damaged, June hardiness and vigor scores indicated that these mature plants fully 
recovered by the end of spring 2014 (Figs. 3.1, 3.2, Table B.2).  
Notably, nearly all MapA progeny plants survived with high hardiness scores (mean May 
hardiness of 90) and grew vigorously (low Vg scores; mean May vigor of 3.2) in spring 2014, 
whereas in MapB and MapC many progeny plants did not survive the winter (mean 
overwintering of 0.8 for MapB, and 0.7 for MapC), and most of those that did survive were 
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severely damaged, with low hardiness scores (mean May hardiness of 7 for MapB and 5 for 
MapC) and poor vigor (high Vg scores; mean May vigor of 8.5 for MapB and 8.8 for MapC) 
(Figs. 3.1, 3.2, Table 3.7). The differences in overwintering ability between MapA, the 
interspecific population, and the two M. sinensis intraspecific populations, MapB and MapC, 
mirrored the differences observed among their parents. In particular, all plots of M. 
sacchariflorus ‘Robustus‘, the unique parent of MapA, survived the winter with high hardiness 
scores and strong vigor (Table 3.7, Figs. 3.1, 3.2). Though MapB’s unique parent, M. sinensis 
‘Silberturm‘, survived the winter with high frequency, its hardiness and vigor were poor (Table 
3.7, Figs. 3.1, 3.2). The MapC unique parent, M. sinensis ‘November Sunset‘, had only 70% of 
plots survive the winter and the survivors had poor winter hardiness and vigor (Table 3.7, Figs. 
3.1, 3.2). In contrast to the lower average winter hardiness of the MapC progeny and the MapC 
unique parents, the MapC progeny has substantially less frost damage in autumn 2013 than the 
other two populations (Fig. 3.2, Table 3.7). The parent in common to all three populations, M. 
sinensis ssp. condensatus ‘Cosmopolitan‘, was the least hardy of all the parents, with fewer than 
half the plots surviving the winter, and those that did survive had poor hardiness scores and vigor 
(Table 3.7, Figs. 3.1, 3.2). No significant interactions were observed among the 13 control 
entries and the three field trials (one for each population) planted in close proximity at the Univ. 
of Illinois Energy Farm for any of the nine traits studied, indicating that the environment in each 
of the trials was similar, as expected (Table B.1). Within each of the three full-sib families, 
highly significant differences were observed among genotypes (i.e. progenies) for all traits 
except MapA overwintering ability, Map B May hardiness and May and June vigor, and MapC 
autumn frost damage, May and June hardiness, May and June vigor, and overwintering ability 
(Table 3.6). 
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Large differences were observed among and within the three populations for number of 
growing days in the 2013 season, prior to the strong winter of 2013-2014 (Fig. 3.2, Table 3.6). 
MapA progeny, like their M. sacchariflorus ‘Robustus‘ parent, typically grew for substantially 
fewer days (mean of 183 days for the progeny and 163 days for the parent; Table 3.7) than MapB 
and MapC progeny (mean of 199 and 199 days, respectively; Table 3.7) and their unique parents 
(mean of 188 and 202 days, respectively; Table 3.7). The number of growing days ranged from 
159 to 209 days in MapA, and 177 to 209 days in MapB and MapC (Table 3.7). Given that the 
three populations emerged at a similar time in the spring of 2013 (average spring regrowth date 
was April 20, April 21 and April 23 in MapA, MapB and MapC, respectively; Fig. 3.2, Table 
3.7), the variation in number of growing days was primarily due to differences in autumn 
dormancy date. However, spring regrowth dates among progeny were more uniform in MapA 
(April 19-April 30) than in MapB and MapC (April 19 to May 21 and April 19 to May 19, 
respectively). In contrast, for autumn dormancy date, MapA had a wide range, from September 
30 to November 15, whereas individuals in MapB and MapC went to dormant between October 
28 to November 15.   
Broad-sense heritability estimates were typically low to moderate for MapB and MapC 
(Table 3.7). However, for MapA, high broad-sense heritabilities were obtained for autumn 
dormancy (0.82), growing days (0.81), May and June hardiness (0.72 and 0.69, respectively), 
and May and June vigor (0.78 and 0.84, respectively). Because nearly all the plants survived in 
MapA (avg. overwintering ability: 1.0, Table 3.7), heritability for overwintering ability could not 
be estimated and thus was calculated only for the other two populations (0.33 in MapB, 0.34 in 
MapC). All three populations had similar heritabilities for spring regrowth date (0.31-0.38), and 
moderate to high heritabilities for autumn dormancy date (0.45-0.82) and growing days (0.44-
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0.81). For autumn frost damage, heritabilities were 0.70, 0.58 and 0.11 for MapA, MapB and 
MapC, respectively. MapB and MapC had low heritabilities for hardiness and vigor in May 
(0.03-0.15) due to limited variation, but had higher heritabilities in June (0.14-0.31) as 
differences among genotypes in ability to recover were observed.  
Many significant genetic correlations existed between traits in these three interconnected 
populations (Table 3.8). Overwintering ability showed medium to high negative genetic 
correlations with spring regrowth date (-0.79 in MapB, -0.59 in MapC) and with autumn 
dormancy date (-0.82 in MapB; -0.47 in MapC), suggesting that plants emerged earlier in spring 
or went to dormancy later in autumn were more likely to survive the cold winter. Between 
overwintering ability and hardiness scores, medium positive genetic correlations were observed 
(0.31-0.50 in MapB; 0.40-0.55 in MapC). Moreover, significant and negative genetic 
correlations existed between hardiness scores and vigor scores (-0.38 to -0.93) across the three 
populations (Table 3.8), and this conformed to our expectations because both higher hardiness 
score and lower vigor score were two indicators of greater cold tolerance. Phenotypic 
correlations, on the other hand, showed similar relationships between traits (Table 3.8).  
Single-population analyses identified 26, 10 and 3 QTLs among nine traits in MapA, 
MapB and MapC, respectively (Fig. 3.3, Table 3.9). Each of the QTLs identified were unique to 
the population in which it was found. Thus, single-population analyses detected a total of 39 
QTLs. In contrast, joint-population analyses identified 53 QTLs among the nine traits (Fig. 3.3, 
Table 3.10). There were 31 QTLs in common between the single-population analyses and the 
joint-population analyses (Figs. 3.3, 3.4; Tables 3.9, 3.10). For overwintering ability, no QTL 
were detected from MapA because nearly all plants in this population survived (Fig 3.3, Table 
3.9), whereas one QTL was identified each in MapB and MapC (LG 9 in MapB; LG 1 in MapC; 
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Fig 3.3, Table 3.9). In contrast, joint-population analyses identified nine QTLs for overwintering 
ability across the three populations, including the two QTLs detected in MapB and MapC (Fig 
3.3, Table 3.10). Among the nine traits, the greatest number of QTL detected was for autumn 
dormancy date (14 in the joint-population analysis), which corresponded to the substantial 
phenotypic variation observed for this trait in the three populations (Fig. 3.2). Notably, joint-
population analyses produced significantly higher resolution for QTLs (i.e. smaller confidence 
intervals) than single-population analyses (Fig 3.4), and this was consistent with our previous 
findings from genetic mapping for biomass yield traits (Dong et al., 2017). Average confidence 
interval across the 31 in-common QTLs was 27.4 ± 1.9 cM for single-population analyses but 
only 17.6 ± 1.4 cM for joint-population analyses. Similarly, average confidence interval across 
all QTLs was 28.2 ± 1.6 cM for single-population analyses but only 20.7 ± 1.1 cM for joint-
population analyses (Fig 3.4). 
Additive effects of alleles inherited from each of the three parents unique to each 
population (M. sacchariflorus ‘Robustus‘ in MapA, M. sinensis ‘Silberturm‘ in MapB, M. 
sinensis ‘November Sunset‘ in MapC) were estimated using allelic effects of the in-common 
parent, M. sinensis ‘Cosmopolitan‘, as the baseline for both single population and joint 
population analyses (Tables 3.9, 3.10). However, joint-population analysis has been shown to be 
more accurate in estimating QTL allelic effects than single population analyses (Bucker et al., 
2009; Li et al., 2011), so we focus our attention on the following estimates from the joint-
population analysis (Table 3.10). Consistent with our field observations that M. sacchariflorus 
‘Robustus‘ was strongly winter-hardy and contributed this trait to its progeny (Figs. 3.1, 3.2), we 
found that it was the primary source of large effect alleles for increasing May hardiness and 
improving May and June vigor (lower values), though some large effect alleles for reduced May 
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hardiness were also observed. Due to the uniform survival of the MapA progeny, no large effects 
were estimated for M. sacchariflorus ‘Robustus‘ alleles at the significant loci detected, though 
other large effect alleles must have existed at undetected loci. Therefore, dissection of allelic 
effects for plant hardiness and plant vigor provided a more in-depth understanding of genetic 
architecture for overwintering ability in Miscanthus. The M. sinensis ‘Silberturm‘ and ‘November 
Sunset‘ parents predominantly contributed alleles that substantially reduced June hardiness and 
overwintering ability, but some large positive effect alleles were also observed for these parents, 
indicating opportunities for selection even within the ornamental M. sinensis germplasm pool. M. 
sacchariflorus ‘Robustus‘ also contributed most of the large effect alleles for decreasing the 
number of growing days and the autumn dormancy date, which was consistent with our field 
observation that M. sacchariflorus ‘Robustus‘ went dormant very early (September 30, 2013) and 
conferred this trait to many of its progeny.  
Experiment 2: Genome-wide Association Study for Overwintering Ability in An M. sinensis 
Diversity Panel Trialed at Two Locations in Asia and Three in North America 
In the Miscanthus diversity panel, highly significant differences in overwintering ability were 
observed among genetic groups, genotypes within genetic groups, locations, year of 
establishment, number of growing seasons, and their interactions (Figs. 3.5, 3,6, 3.7, Tables 3.11, 
3.12). The control genotype M×g ‘1993-1780’ survived in all field trials except for the first 
winter of CSU 2012 trial (Figs. 3.5, 3.7). Among the six M. sinensis genetic groups from Asia, 
first-season overwintering ability, averaged over all of the field trial locations, was highest for 
the Korea/N China group (0.98), and relatively high for the N Japan group (0.97), the S Japan 
group (0.93), and the Yangtze−Qinling group (0.88) (Table 3.12, Fig. 3.6). The Korea/N China 
111 
 
group showed consistently superior overwintering ability at each of the field trial locations (0.86-
0.99). The lowest first-season overwintering ability was observed for the SE China/tropical 
group (0.35), followed by the Sichuan Basin group (0.40), which was consistent with their 
natural adaptation to southern environments that have mild winters (Table 3.12, Fig. 3.6). 
Nevertheless, some exceptional individuals from the SE China/tropical group and the Sichuan 
Basin group survived first and second winters at HU, KNU, and/or NEF (Figs. 3.6, 3.7).  
Among the five field trial locations, first-season overwintering ability was typically 
lowest at the two US locations, UI (0.40-0.49, two trials) and CSU (0.22-0.76, two trials), though 
these field trial locations primarily tested entries from the US ornamental and US naturalized 
groups, and had few of the entries from Asia due to quarantine regulations that delayed their 
importation beyond the timeframe of this study (Table 3.12, Fig. 3.7). In contrast to the US 
locations, first-season overwintering was typically higher at HU (0.99), KNU (0.69-0.82, two 
trials) and NEF (0.73), even when the comparison was limited to just the US ornamental and US 
naturalized groups. The lower overwintering rates observed at the US field trial locations relative 
to the other sites was consistent with a combination of lower minimum air temperatures and/or 
less snow cover for the US trials (Fig. 3.8, Table 3.12). The winter of 2013-2014 was especially 
cold in the US, with minimum air temperatures of -25.3 °C at UI, and -24.5 °C at CSU, whereas 
the NEF site was moderated by Lake Erie and reach only -19 °C, and the two locations in Asia 
were warmer still at about -9 °C (Fig. 3.8, Table 3.12). 
At a given location, overwintering ability (i.e. the proportion of plants that were alive the 
previous growing season and also survived the subsequent winter) was typically lower after the 
first winter than after the second winter (Table 3.12), because the least hardy plants typically 
died during the first winter, leaving the more-adapted genotypes and better-established plants to 
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be challenged by the second winter. For example, at NEF in Ontario, overwintering ability was 
0.99 after two growing seasons (Table 3.12; min. air temp.: -19.0 °C) but was only 0.73 after the 
first winter (min. air temp.: -15.0 °C), indicating nearly all the plants that survived the first winter 
also survived the second colder winter. However, a notable exception to greater overwintering 
after the second winter was observed for the 2012 trial at HU in Japan, in which nearly all plants 
from each of the eight genetic groups survived the first winter (Table 3.12; overwintering ability: 
0.99; min. air temp.: -8.4 °C), whereas after the second winter the overall overwintering ability 
was only 0.80 (min. air temp.: -9.2 °C), and two genetic groups, including Sichuan Basin and 
South-eastern China plus tropical had substantial losses (0.60-0.61). This atypical outcome at 
HU was likely the result of high and early snow cover during the first winter, which insulated the 
plants from low air temperatures. 
Genome-wide association analyses across the five field trial locations detected a total of 
73 significant marker-trait associations for overwintering ability (Fig 3.9; Table 3.13), of which 
42 could be aligned to physical positions on S. bicolor genome version 3.0 (Paterson et al., 
2009). Among the significant SNPs, additive effects ranged from 0.00 to 0.42, and dominance 
effects ranged from -0.59 to 0.44 (Table B.4). Among the M. sinensis accessions, the frequency 
of advantageous alleles (up to two advantageous alleles per locus per individual) across all 73 
overwintering ability loci identified ranged from 0.51 (accession PMS-044, Sichuan Basin 
genetic group) to 0.88 (accession JM0047.002, Northern Japan genetic group) (Fig. 3.6). 
Predicted genotypic values based on the 73 overwintering SNPs accounted for 56% of the 
observed first-winter survival among accessions averaged over the five field trials (Fig. 3.6). 
 
113 
 
Experiment 3: Overwintering Ability of New Triploid and Tetraploid M×g Genotypes at Two 
Locations in Illinois and One in Arkansas 
Large and highly significant differences among genotypes and locations, and significant 
interactions between genotype and location were observed for first-season overwintering ability 
and hardiness of 13 M×g, one M. sinensis and one M. sacchariflorus evaluated in the field at 
Urbana, IL, Dixon Springs, IL, and Jonesboro, AR (Figs. 3.10, 3.11, Tables 3.14, 3.15). The 
winter of 2013-2014 was especially cold in the central US, with minimum air temperatures of -
25.3 °C in Urbana (the most northern of the three trial sites), -17.3 °C at Dixon Springs, and -
13.4 °C at Jonesboro (Fig. 3.10). Moreover, minimum soil temperatures at 10 cm below ground 
were -6.2 °C at Urbana and -3.2 °C at Dixon Springs in January 2014 (Fig. 3.10). Consistent with 
the differences in minimum temperatures among the trial locations, fewer than half of the entries 
at Urbana had ≥0.95 proportion survival over the winter, and two entries, M×g ‘Ogi63‘ and M. 
sinensis ssp. condensatus 'Cabaret', had fewer than half their plants survive the winter, whereas 
at Dixon Springs only 'Cabaret' had ≤0.95 proportion survival over the winter, and at Jonesboro 
all entries had ≥0.98 proportion survival (Fig. 3.10, Table 3.15). Similarly, hardiness scores of 
surviving plants averaged <70% for ten out of 15 of the entries at Urbana but were >98% for all 
entries at Dixon Springs and Jonesboro, except for M×g ‘Ogi63‘ (96%) and M. sinensis ssp. 
condensatus 'Cabaret' (83%) at Dixon Springs (Fig. 3.10, Table 3.15). Thus, at Urbana, surviving 
plants of most entries were damaged and weak in the spring of 2014, whereas most plants of 
nearly all the entries were vigorous at Dixon Springs and Jonesboro.  
Notably, average proportion survival of the commercial triploid M×g standard, ‘1993-
1780’, for first-season plants during the 2013-2014 winter at Urbana, was only 0.71 and the 
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hardiness score averaged only 25%, indicating that these plantings were severely damaged. In 
contrast to ‘1993-1780’, plots of the triploid cultivar M×g ‘Nagara’ were entirely undamaged 
(Figs. 3.10, 3.11, Table 3.15). In this trial, only triploid M×g ‘10UI-032.004’ and its tetraploid M. 
sacchariflorus parent, ‘Bluemel’, survived the winter in Urbana as well as ‘Nagara’, which is 
remarkable considering that the other parent of ‘10UI-032.004’, diploid M. sinensis ssp. 
condensatus 'Cabaret', was the least hardy entry in the study, with only 0.13 proportion survival 
and just 1% winter hardiness score (Fig. 3.10, Table 3.15). Interestingly, all four of the triploid 
M×g 10UI-032 full sibs had high overwintering rates at Urbana (0.93-1.00), though their 
hardiness scores were more variable (61-97%). Among the three triploid M×g Ogi series 
genotypes, collected as seed from wild plants in Kyushu in southern Japan (USDA hardiness 
zone 9b), one had low overwintering ability at Urbana (‘Ogi63‘: 0.39) but two had relative high 
rates of winter survival (‘Ogi79‘: 0.90; ‘Ogi80‘: 1.00), though hardiness scores indicated that all 
three were damaged by the Urbana winter to varying degrees (‘Ogi63‘: 4%; ‘Ogi79‘: 29%; 
‘Ogi80‘: 67%). 
3.5 Discussion 
Experiment 1: QTL Mapping for Overwintering Ability in Three Interconnected Diploid 
Miscanthus Populations 
Large Differences Among Families for Third Year Overwintering Ability and Hardiness was 
Consistent with the Adaptation of the Parents 
In contrast to prior studies on winter-hardiness and freeze-tolerance of Miscanthus, this study 
evaluated the response of mature, established field-plantings after the third growing season, to an 
especially cold winter (minimum temperatures for air and 10 cm below bare soil were -25.3 °C 
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and -6.2 °C in 2013-2014). Though all plants of the commercial check, M×g ‘1993-1780’, 
survived the 2013-2014 winter, at Urbana, IL, hardiness and vigor scores from May and June 
2014 indicated that the plants were damaged but appeared to subsequently recover by late spring. 
Previous studies have estimated the temperature at which 50% of isolated rhizomes were killed 
(LT50) for M×g ‘1993-1780’ to be -2.6 °C (Fonteyne et al., 2016), -3.4 °C (Clifton-Brown & 
Lewandowski, 2000), or -4.4 °C (Peixoto et al., 2015), but in the field, insulation of belowground 
rhizomes from the plant’s aboveground crown, and avoidance of cold by rhizomes that grow 
deep in the soil can increase overwintering ability of mature plants. For example, under sod, the 
minimum temperature during the 2013-2014 winter at Urbana was only -2.2 °C at 10 cm and -1.4 
°C at 20 cm. In large areas of the Midwest US, models indicate that at 10 cm below bare soil 
temperatures between -3.5 °C and -6.0 °C can be expected to occur in most years (Kucharik et 
al., 2013), so breeding for adaptation to this degree of freezing and/or freeze-avoidance would be 
a prudent breeding objective for this and similar regions.  
The in-common parent of the three interconnected F1 populations, M. sinensis spp. 
condensatus ‘Cosmopolitan’, was the least winter-hardy of the four parents and 13 controls in 
this study, as expected. M. sinensis spp. condensatus is indigenous to maritime southern Japan 
(hardiness zones 9b to 10a; average annual minimum air temperature of -3.9 to 1.7 °C). Thus, 
‘Cosmopolitan’ is typically damaged or killed during winters in Urbana, IL (zone 5b; average 
annual minimum air temperature of -26.1 to -23.3 C). In contrast, the other three parents of the 
F1 populations have typically performed well in central Illinois, especially M. sacchariflorus 
‘Robustus’, which is highly rhizomatous and cold hardy (Kaiser & Sacks, 2015). M. 
sacchariflorus ‘Robustus’, the unique parent of MapA, originated from northern China or eastern 
Russia (Lindsay Clark, unpublished data) and is thus adapted to hardiness zone 3 (average 
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annual minimum air temperature of -40.0 to -34.4 C) and was the most winter-hardy entry 
among the parents and controls, with all plants surviving without any damage (Figs. 3.1, 3.2). 
The observed complete survival of all MapA progeny, with little or no winter-damage, indicates 
that ‘Robustus’ alleles for winter-hardiness were dominant, and/or additively exceeded a 
threshold needed to survive the 2013-2014 winter in Urbana. Moreover, the results from MapA 
demonstrate the potential to use subtropical-adapted materials (in this case M. sinensis spp. 
condensatus ‘Cosmopolitan’) in Miscanthus breeding programs targeting cold-temperate 
environments by combining the unadapted germplasm with a parent that has greater winter-
hardiness than is required for the target environment (in this case M. sacchariflorus ‘Robustus’). 
This is a valuable lesson because subtropical and tropical M. sinensis populations typically have 
greater biomass potential than northern populations (Lindsay Clark, unpublished data).  
The relatively poor overwintering ability of MapB and MapC progeny, their parents (M. 
sinensis ‘Silberturm‘ and M. sinensis ‘November Sunset‘, respectively), and most of the controls, 
demonstrate a key limitation to relying entirely on the currently available ornamental Miscanthus 
cultivars for breeding new cultivars adapted to hardiness zones 5 and colder. However, there 
exist natural populations of M. sinensis from northern Japan, northern China, and eastern Russia 
that are adapted to colder winters than the ornamental M. sinensis cultivars currently available in 
the US and Europe (Yan et al., 2012; Clark et al., 2014; Lim et al., 2014; Hongxu Dong, 
unpublished data). Though the winter of 2013-2014 in Urbana was near the lower end of the 
range expected for minimum annual air temperatures in central Illinois based on a 30 year record 
(1976-2005), the results of this study highlight the importance of breeding for adaptation to the 
coldest winter expected for a target environment, especially given that Miscanthus production 
fields are expensive to establish and growers may plan to keep a planting for ten or more years. 
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We have previously shown that the ornamental M. sinensis cultivars available in the US and 
Europe were derived from wild populations of central and southern Japan (hardiness zones 8a to 
10a; average annual minimum air temperature of -12.2 to 1.7 °C), though about half the 
ornamental cultivars sold as M. sinensis, in fact, have some M. sacchariflorus ancestry, 
presumably the result of past efforts by ornamental grass breeders in Germany to increase 
winter-hardiness and obtain earlier flowering (Clark et al., 2014). Breeders of Miscanthus for 
biomass production in cold climates may use a similar introgression strategy as was used for 
prior ornamental cultivar breeding, but must also select for greater height and later flowering (up 
to an optimum for a given environment), in addition to temperate-climate adaptation.  
Potential for Indirect Selection of Overwintering Ability and Hardiness Based on Spring 
Regrowth Date and Autumn Dormancy Date 
Moderate to strong genetic correlations between early spring regrowth in 2013 and greater 
overwintering ability during the subsequent winter for both MapB and MapC, and with greater 
May hardiness in all three populations suggests an opportunity for indirect selection for 
increased winter-hardiness even in years that do not have especially cold winters by selecting for 
early spring regrowth. In perennial ryegrass (Lolium perenne L.), Yu et al. (2015) similarly 
observed that cultivars that emerged earliest in the spring were most the likely to survive the next 
winter. We also observed that early autumn dormancy genetically correlated with greater 
overwintering ability and May hardiness, though this was less consistent among the populations 
than was early spring regrowth date. For MapC, which had a substantially earlier mean autumn 
dormancy date than MapB (Fig. 3.2), there was a weaker association between early dormancy 
and overwintering ability than for MapB (Table 3.8), suggesting that there was an optimal timing 
of dormancy for these populations to avoid damage during the winter of 2013-2014 but as 
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dormancy date became earlier than optimal, the opportunity to improve overwintering was less. 
Thus, breeding Miscanthus with improved overwintering ability might be achieved by selecting 
plants with early spring emergence date and/or autumn dormancy date, though this must be 
balanced by the potential risks of early spring or autumn freezes (Farrell et al., 2006; Kaiser & 
Sacks, 2015) and the desire to maximize biomass yield-potential by maximizing photosynthesis 
per season. 
QTL Mapping Reveals a Mixture of Allelic Effects from Each Parent 
Overall, QTL mapping of the three interconnected biparental Miscanthus populations was more 
effective with joint population analysis (more QTL identified and smaller confidence intervals) 
than single population analysis (Tables 3.9, 3.10, Figs. 3.3, 3.4). With joint-population analysis, 
53 QTL were detected (Fig. 3.4), whereas only 39 were detected with single-population analysis; 
moreover, most of the QTL detected in single population analysis were also detected in the joint 
population analysis (31 in-common QTL). Previous studies of two to ten interconnected 
populations have also found that joint population analysis identified most of the QTL identified 
single population analysis, though each method also identified some QTLs uniquely (Li et al., 
2011; Chandler et al., 2013; Yang et al., 2013; Dong et al., 2017). Joint linkage analysis is 
expected to increase the power to detect QTL, and to estimate locus positions and allelic effects 
with greater precision than single population analysis (Walling et al., 2000; Blanc et al., 2006; Li 
et al., 2011; Negeri et al., 2011; Yang et al., 2013). Thus, joint population analysis was expected 
to detect QTLs that are not identified by individual population analysis. Consistent with these 
expectations, in maize NAM populations, joint linkage analysis across all 25 nested RIL 
populations identified twice as many QTLs as analysis of single RIL populations (Buckler et al., 
2009). Similarly, in the current Miscanthus study, nine QTLs were detected for overwintering 
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ability with the joint population analysis, whereas only two QTLs were detected for 
overwintering ability the individual population analyses. Thus, joint linkage analysis can be a 
useful strategy for identifying QTL with greater efficiency than is possible with individual 
population analyses.  
Relative to the in-common parent, M. sinensis spp. condensatus ‘Cosmopolitan’, a 
mixture of positive and negative QTL allelic effects from each of the three other parents in the 
interconnected population were observed for most of the traits studied (Tables 3.9, 3.10), 
indicating that there was substantial opportunity for selection in either direction. Though uniform 
survival of the MapA progeny prevented identification of the clearly advantageous alleles from 
the M. sacchariflorus ‘Robustus’ parent for this trait in the F1 generation, it should be possible to 
detect these loci and estimate allelic effects in the F2 and/or subsequent generations. Notably, 
even within the relatively non-hardy parents, M. sinensis ‘Silberturm‘ and M. sinensis ‘November 
Sunset‘, alleles for substantially improved May hardiness and overwintering ability were 
detected. Thus, opportunities exist to improve winter-hardiness and overwintering ability even 
within the relatively non-hardy ornamental M. sinensis germplasm pool. Marker-assisted 
selection should facilitate such selection with greater efficiency than would be possible with 
phenotypic selection alone. 
Candidate Genes 
Within or near 26 of the 53 QTL detected via joint-population analysis, we identified one or 
more candidate genes with previously described functions suggesting that they may be the 
causative gene(s) in these Miscanthus QTL (Table 3.16). Additional candidate genes were also 
found via the single population analyses (Table 3.17). Candidate genes were identified within 
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eight of the nine overwintering QTL. One QTL on Miscanthus LG 8 encompassed the cold 
tolerance gene, COR47, which was reported in Arabidopsis thaliana to protect thylakoid 
membranes during freezing by encoding dehydrin proteins, thereby resulted in improved cold 
tolerance (Puhakainen et al., 2004; Bozovic et al., 2013). Upregulation of COR genes were also 
reported to increase freezing tolerance in perennial ryegrass (Zhang et al., 2009). A QTL on 
Miscanthus LG 11 encompassed two plausible candidate genes, carboxylesterase 13 (CEX13) 
and WRKY transcription factor (WRKY2), both of which were reported to be responsive to cold 
stress in Arabidopsis (Seki et al., 2002), grape (Vitis amurensis) (Xin et al., 2013), and Peruvian 
lily (Alstroemeria) (Wagstaff et al., 2010). Another carboxylesterase gene was also located 
within the overwintering QTL on LG 1 (carboxylesterase 17), and another WRKY gene 
(WRKY46) was located in the overwintering on LG 15 (Table 3.16). Carboxylesterase hydrolyzes 
a wide variety of carboxylic acid esters; though, the functional details of carboxylesterase are 
still unknown (Xin et al., 2013), a member of this gene family in Arabidopsis was detected 
following cold treatment (Wagstaff et al., 2010). The WRKY protein family were reported to be 
transcription regulators during plant stress (Barah et al., 2015). WRKY proteins could help in the 
expression of a cluster of stress-responsive genes to induce improved abiotic stress tolerance in 
plants (Banerjee & Roychoudhury, 2015). Additionally, we identified one cold shock domain 
protein (CSDP1) located at the edge of the overwintering ability QTL on LG 11. In plants, it has 
been demonstrated that cold shock domain proteins play essential roles in acquiring freezing 
tolerance (Sasaki & Imai, 2012). Interestingly, these two overwintering ability QTLs on LGs 8 
and 11 were identified in joint-population analyses but not in single-population analyses (Fig. 
3.3, Tables 3.9, 3.10). The overwintering ability QTL on LG 4 contained the osmotin gene, 
OSM34, which has been shown to induce proline accumulation that confers tolerance against 
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both biotic and abiotic stresses in plants, and including freeze-tolerance in perennial grasses 
(Zhang et al., 2009; Abdin et al., 2010). The overwintering ability QTL on LG 6 contained 
GRAS family transcription factor, RGA2 (Table 3.16), and this gene was reported to negatively 
regulate gibberellin biosynthesis and thereby indirectly control Arabidopsis growth and 
developmental process (Silverstone et al., 1998); another GRAS family transcription factor, 
RGA1, was found in the spring regrowth QTL detected in the MapA population analysis on LG 
14 (Table 3.17). Such similar genes that underlay QTLs on different LGs could be paralogs of 
each other because of the recent genome duplication in Miscanthus (Kim et al., 2012; Ma et al., 
2012; Swaminathan et al., 2012; Dong et al., 2017). ERF proteins are transcription factors that 
signal plant response to environmental stresses (Nakano et al., 2006; Zhang et al., 2016), and the 
overwintering ability QTL on LG 9 contained one ethylene-responsive element binding factor 
(ERF15). In addition, the previously described gene WRKY46 within the overwintering QTL on 
LG 15 we also identified a second candidate gene lipid transfer protein 3 (LTP3). LTP3 is 
positively regulated byMYB96 and the overexpression of LTP3 enhances freezing tolerance (Guo 
et al., 2013). 
In addition to overwintering ability, we also detected QTLs for eight additional 
adaptation traits in the three interconnected F1 populations and found interesting candidate genes 
underlying these QTLs (Table 3.16). Autumn dormancy date QTL on LG 3 contained the non-
yellowing 1 gene (NYE1), which plays an important regulatory role in chlorophyll degradation 
during Arabidopsis senescence (Ren et al., 2007). The autumn dormancy date QTL on LG 6 
contained ABA-inducible BHLH-type transcription factor (AIB), which negatively regulates 
jasmonates (JA) signaling, thereby playing a pivotal role in fine-tuning of JA-mediated stress 
response and plant growth in Arabidopsis (Nakata et al., 2013). For spring regrowth, the QTL on 
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LG 4 contained the auxin-responsive GH3 gene, which has been shown to regulate Arabidopsis 
growth and development, photomorphogenesis, light- and auxin-signaling, and auxin 
homeostasis (Hsieh et al., 2000; Nakazawa et al., 2001; Staswick et al., 2005). One spring 
regrowth date QTL on LG 14 was identified in MapA only (Table 3.17), and this QTL contained 
GRAS family transcription factor RGA, which is a negative regulator of gibberellin signal 
transduction pathway, and thereby indirectly controls Arabidopsis growth and developmental 
process (Silverstone et al., 1998). For May hardiness and May vigor, which each had one QTL 
that co-localized on similar region on LG 4, contained the SLOW GROWTH1 gene (SLO1), 
which was proposed to indirectly regulate Arabidopsis growth and development via affecting 
mitochondrial RNA editing and gene expression (Sung et al., 2010). The identification of 
candidate genes associated with significant QTL in three interconnected Miscanthus population 
has generated testable hypothesis about gene regulation of key adaptation traits for this crop of 
emerging importance within the economically essential Andropogoneae. 
Experiment 2: Genome-wide Association Study for Overwintering Ability in An M. sinensis 
Diversity Panel Trialed at Two Locations in Asia and Three in North America  
High Genetic Diversity within M. sinensis for Overwintering Ability: Implications for Breeding 
Like most prior studies of overwintering ability in Miscanthus (Clifton-Brown & Lewandowski, 
2000; Clifton-Brown et al., 2001; Yan et al., 2012), the current study focused on survival over 
the first winter after planting. However, this study extended our understanding of overwintering 
ability in M. sinensis by having phenotyped and genotyped a large germplasm panel (N = 564) 
that represented most of the species‘ natural geographic range, and evaluated the results in the 
context of previously ascertained population structure (Clark et al., 2014, 2015). Consistent with 
prior studies of overwintering ability in Miscanthus (Clifton-Brown et al., 2001), we found that 
123 
 
M. sinensis plants were typically more at risk of dying during the first winter after planting than 
during the second winter. However, the one exception we observed to this progression was 
associated with high snowfall early-season at HU in year 1 that resulted in nearly all plants 
surviving the first winter (0.99; Table 3.12) but a lower overwintering rate was observed in year 
2 (0.80), suggesting that avoidance of killing temperatures (in this case by insulating snow cover) 
can be an important contributor to overwintering in Miscanthus. First year plants of Miscanthus, 
which typically produce much less aboveground biomass than second year plants (Gifford et al., 
2015, Dong et al., 2017), likely also produce less belowground biomass and more shallow 
rhizomes than more mature plants, and thus may have few or no buds sufficiently deep in the soil 
to avoid killing temperatures. Especially as Miscanthus plants mature, those genotypes that are 
able to produce deep rhizomes will be able to avoid temperatures sufficiently cold to damage or 
kill dormant buds. 
 Great variation among and within M. sinensis genetic groups was observed in this five-
location study for overwintering ability, with 73 significantly associated SNPs identified via 
GWA analysis. Genetic groups and genotypes that originated from temperate environments at 
relatively high latitudes and altitudes typically had greater overwintering ability than those from 
subtropical and tropical environments (Table 3.12; Figs 3.5, 3.6, 3.7). We observed positive 
association between latitude of origin and overwintering ability (r
2
 = 0.49, Fig. 3.6). Similarly, 
Yan et al. (2012) observed that first-year overwintering ability of 31 M. sinensis accessions of 
collected in China was positively associated with latitude of origin when grown at two northern 
field trial sites, and the correlation was greatest at the most northern site with the coldest winter 
(Xilinhot). During the especially cold winter of 2013-2014 at UI, first year plants of many 
ornamental M. sinensis cultivars that typically overwinter well at Urbana, IL, in spite of being 
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from derived from the Southern Japan group, either died or were severely damaged, yet 
genotypes from northern China such as ‘PMS-436‘, and rare M. sinensis ornamental cultivars 
such as ‘Haiku‘ survived and grew vigorously in spring 2014 (Fig. 3.5). This event highlighted 
the importance of selecting for the coldest winter expected in a target environment, especially 
given that Miscanthus is a long-lived perennial crop and establishment of new commercial 
plantings is expensive.  
Thus, one strategy to breed M. sinensis for temperate environments is to select 
concurrently for overwintering ability (and/or genetically correlated traits such as early spring 
regrowth or autumn dormancy) and high biomass yield within the genetic groups that naturally 
have the greatest adaptation to cold winters (e.g. Korea/N China, Northern Japan group, 
Southern Japan group, and the Yangtze−Qinling group). Additionally, rare relatively hardy 
individuals within the subtropical and tropical adapted Sichuan Basin group (e.g. PMS-005) and 
South-eastern China plus tropical group (e.g. PMS-008) represent a potentially valuable breeding 
opportunity because M. sinensis accessions from lower latitudes typically have higher biomass 
yield potential than those from higher latitudes (Lindsay Clark, unpublished data). Moreover, the 
presence of advantageous overwintering alleles even within the subtropical and tropical-adapted 
M. sinensis genetic groups, albeit at lower frequencies than in the temperate-adapted groups (Fig. 
3.6), should facilitate rapid genetic gains via marker-assisted selection. The opportunity to 
conduct marker-assisted selection for advantageous overwintering alleles at a large number of 
loci within any of the M. sinensis genetic groups is expected to greatly improve breeding 
efficiency, especially if the breeder must otherwise rely on unusually cold winters to screen 
populations. 
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Introgression of Genes for Overwintering Ability from Northern-adapted M. sacchariflorus into 
M. sinensis is Another Potentially Useful Breeding Strategy 
Introgression of winter-hardiness alleles from cold-temperate adapted M. sacchariflorus may be 
another viable strategy for improving overwintering ability in M. sinensis. We have shown 
previously that about half of the ornamental cultivars sold as M. sinensis in the US and Europe 
are in fact hybrids between M. sinensis and diploid M. sacchariflorus that have been backcrossed 
to M. sinensis one or more times. Notably, the M. sacchariflorus ancestry in these hybrids is 
from northern China or eastern Russia (Clark et al., 2014), which are cold temperate 
environments (hardiness zones 3-5). Yan et al. (2012) observed that among 48 accessions of M. 
sacchariflorus and 31 of M. sinensis from China grown at two northern field trial sites in China, 
the former was more winter-hardy than the latter. Similarly, in eastern Russia Clark et al. (2016) 
did not find wild populations of M. sinensis in areas colder than hardiness zone 5, but did find 
abundant populations of M. sacchariflorus through hardiness zone 3. Thus, there appears to be a 
good case for using cold tolerance genes from M. sacchariflorus to improve M. sinensis.  
 However, we should not assume that all M. sacchariflorus genotypes are equally good 
sources of winter-hardiness. Previously, we have identified three tetraploid and three diploid M. 
sacchariflorus genetic groups, each associated with different geographical regions in eastern 
Asia, ranging from the mild Yangtze River region to the cold winters in eastern Russia along the 
Amur River (Lindsay Clark, unpublished data). For example, Clifton-Brown et al. (2001) 
observed that first-winter (1997-1998) survival for a tetraploid M. sacchariflorus (EMI no. 5, 
collected along the Nagara River in Gifu Prefecture, Japan) was only 50% in Sweden and 33% in 
Denmark, whereas an M. sinensis from Hokkaido (N Japan group) had 95-99% survival at the 
same locations. Similarly, Clifton-Brown et al. (2001) found that nearly all of the triploid M×g 
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tested in Sweden and Denmark died after the first winter, but survival of four M. sinensis from 
Honshu Japan had survival rates of 99-84%.  
If the ultimate goal of breeding M. sinensis is to use it as a parent for making improved 
triploid M×g by crossing it with tetraploid M. sacchariflorus, then it would also be desirable to 
have an understanding of potential heterotic groups within M. sacchariflorus, and how 
introgressed genes from a diploid M. sacchariflorus accession into M. sinensis might interact 
with a tetraploid M. sacchariflorus from a different genetic group. However, there is currently 
little information on heterotic groups and gene interactions in Miscanthus to guide such breeding 
strategies. 
Trait Association Comparisons Between this GWA Study and A Parallel Study of Three 
Interconnected Biparental Populations 
In our parallel study of three interconnected diploid Miscanthus populations (Expt 1), we 
identified nine QTL for overwintering ability via joint population analysis (Fig 3.3), whereas in 
the current GWA study, we identified 73 significant SNPs for overwintering ability (Fig 3.9), an 
eight-fold difference. Greater sampling of genetic diversity in the M. sinensis germplasm panel 
(564 genotypes from throughout the species‘ geographic range) in comparison to the four parents 
of the interconnected population, likely contributed to the greater number of significant 
associations identified. Additionally, the five field trial locations in years one and two for 
phenotyping in the GWA study was likely advantageous over the one location in year 3 for 
phenotyping in the interconnected population study. Moreover, in linkage analysis of biparental 
populations, there are only a few opportunities for recombination to occur within each population 
and QTLs are only detected based on recombination events that occurred during population 
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development, resulting in relatively low mapping resolution (typically 10-20cM, Doerge, 2002; 
Holland, 2007). In contrast, historical recombination and greater genetic diversity can be 
exploited for high-resolution mapping in association analysis (Yu & Buckler, 2006), and this 
appears to have been the case for our studies of overwintering ability in Miscanthus. 
 Two QTLs identified in the interconnected biparental population study (Expt 1) included 
a total of seven SNP-trait associations from the GWA study (Fig. 3.12). One QTL on Miscanthus 
LG 8 encompassed five marker-trait associations from GWA that aligned to S. bicolor 
chromosome 4 (Fig. 3.12a), and the other QTL on Miscanthus LG 11 encompassed two marker-
trait associations from GWA that aligned to S. bicolor chromosome 6 (Fig. 3.12b). The 
identification of significant SNPs via GWA within independently identified QTL from three 
interconnected biparental populations lends strong support that these regions of the genome are 
important for overwintering ability in Miscanthus. 
Candidate Genes 
GWA analyses provided information for dissecting the genetic mechanism of overwintering 
ability in Miscanthus. Many of the 42 marker-trait associations that aligned to the S. bicolor 
genome were located near known cold-responsive genes (Table 3.13). Moreover, some of the 
candidate genes associated with significant SNPs were found within QTL identified in our 
parallel study of three interconnected biparental populations (Expt 1; Fig. 3.12). For example, 
within the QTL on LG 8, one of the significant SNPs from GWA (UIMiscanthus005328, aligned 
to S. bicolor chromosome 4) was within a MYB gene (MYB43, Table 3.13, Fig. 3.12a), which is a 
transcription factor that has been shown to transiently up-regulate during cold stress in 
Arabidopsis (Fowler & Thomashow, 2002). The known cold tolerance gene, COR47, was also 
within the QTL on LG 8 (Fig. 3.12a); COR47 protects thylakoid membranes during freezing by 
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encoding dehydrin proteins, thereby enhancing cold tolerance in Arabidopsis (Puhakainen et al., 
2004; Bozovic et al., 2013). Additionally, within the QTL on LG 11 were also three candidate 
cold-tolerance genes, carboxylesterase 13 (CEX13), WRKY transcription factor (WRKY2), and 
cold shock domain protein 1 (CSDP1), two of which (CEX13 and WRKY2) were closely linked 
to the significant SNPs from GWA (Fig. 3.12b). Carboxylesterase and the WRKY protein family 
have been shown to be responsive to cold stress (Wagstaff et al., 2010; Xin et al., 2013; Banerjee 
et al., 2015; Zhang et al., 2015). In plants, cold shock domain proteins play essential roles in 
acquiring freezing tolerance (Sasaki & Imai, 2012); they are among the most evolutionarily 
conserved nucleic acid-binding domains, predating the divergence of prokaryotes and eukaryotes 
(Karlson & Imai, 2003). 
One theme to emerge from the analysis of candidate genes was the identification of 
multiple members of gene families known to be involved with plant response to cold-stress in or 
near newly identified SNPs throughout the Miscanthus genome that were associated with 
overwintering ability, which is consistent with the importance of gene duplication in plant 
evolution (Paterson et al., 1995a,b; Ming et al., 2002; Hu et al., 2003). For example, in addition 
to the cold shock domain locus on S. bicolor chromosome 6 that was within the QTL on 
Miscanthus LG 11 and near three significant SNPs for overwintering ability (Fig. 3.12), another 
cold shock domain locus (CSDP1, cold shock domain protein 1) on a S. bicolor chromosome 3 
was 0.01 Mb from marker-trait association UIMiscanthus118370 (Table 3.13). Similarly, in 
addition to the WRKY transcription factor on Miscanthus LG 11/ S. bicolor chromosome 6, 
another WRKY locus (WRKY54) was located downstream of marker-trait association 
UIMiscanthus097991, which aligned to S. bicolor chromosome 8 (Table 3.13; Fig. 3.9). Similar 
to COR47 within the QTL on Miscanthus LG 8/S. bicolor chromosome 6, another locus 
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associated with protecting thylakoid membranes was identified, COR314, which was located 
0.07 Mb from UIMiscanthus012595, aligned to S. bicolor chromosome 9 (Li, 2006). 
Additionally, three marker-trait associations (UIMiscanthus118368 aligned to S. bicolor 
Chromosome 2, UIMiscanthus017647 aligned to S. bicolor Chromosome 3, and 
UIMiscanthus005328 aligned to S. bicolor Chromosome 4) all located within or near MYB 
transcription factor genes (Table 3.13). However, some likely candidate genes were only 
observed once. For example, the marker-trait association, UIMiscanthus118366 aligned to S. 
bicolor chromosome 2, was only 177 bp downstream from the JAZ8 gene (jasmonate-zim-
domain protein 8), which has increased expression under cold stress in wheat; moreover, this 
gene is part of a gene family that regulates responses to biotic and abiotic stresses often by 
interacting with MYB transcription factors (Wang et al., 2017), which we have also found to play 
a role in the overwintering ability of Miscanthus. Thus, the candidate genes identified here 
represent testable hypotheses about the genes underlying overwintering ability of Miscanthus. 
Moreover, the functions of the newly identified candidate genes suggest that tolerance to freeze-
stress is an important component overwintering ability in Miscanthus, in addition to likely 
avoidance strategies. 
Experiment 3: Overwintering Ability of New Triploid and Tetraploid M×g Genotypes at Two 
Locations in Illinois and One in Arkansas 
Selection and Breeding Can Improve Overwintering Ability and Hardiness in M. ×giganteus 
Most of the 13 M×g genotypes evaluated at Urbana, IL (hardiness zone 5b; average annual 
minimum temperature -26.1 to -23.3 C) were severely damaged (i.e. low survival rates or low 
hardiness scores for surviving plants) during their first winter (2013-2014), whereas nearly all of 
130 
 
the genotypes were undamaged at the warmer and more southerly trial locations of Dixon 
Springs, IL (hardiness zone 6b; average annual minimum temperature -20.6 to -17.8 C) and 
Jonesboro, AR (hardiness zone 7b; average annual minimum temperature -15.0 to -12.2 C) 
(Table 3.15, Figs. 3.10 and 3.11). The winter of 2013-2014 was especially cold in the northern 
US Midwest, with minimum air temperatures of -25.3 C, -17.3 C, and -13.4 C at Urbana, 
Dixon Springs, and Jonesboro, respectively. 
 M×g ‘1993-1780’ is currently the only genotype of Miscanthus grown commercially for 
biomass production in the US, yet first-year plants of this cultivar were maladapted to the 2013-
2014 winter in Urbana, with an overwintering rate of only 0.71 and a hardiness score of just 25% 
(Table 3.15, Figs. 3.10, 3.11). This dismal performance would be economically untenable for a 
commercial grower, as large gaps in a field would reduce yields, promote weeds, and be difficult 
to fill with replacement plants; such a field would need to be plowed under and replanted, which 
would be an expensive loss. However, in most years, new plantings of M×g ‘1993-1780’ survive 
well with little or no damage the first winter in Urbana. In contrast to the first-year plants in this 
study, we observed in a parallel study that third-year plants of M×g ‘1993-1780’ at Urbana had 
high a survival rate over the 2013-2014 winter, but May hardiness scores indicated that the plants 
had been damaged, with relatively few and weak late-emerging shoots; however, the plants 
subsequently recovered by June (Expt 1). Estimates from previous controlled environment 
studies of the temperature at which 50% of isolated M×g ‘1993-1780’ rhizomes are killed (LT50) 
have ranged from −2.6 °C to –4.4 °C ( Clifton-Brown & Lewandowski, 2000;  Peixoto et al., 
2015; Fonteyne et al., 2016), which might have led one to predict lower survival rates at our 
Urbana and Dixon Springs locations than was observed based on the minimum temperatures at 
10 cm below bare soil for each site (-6.2 C and -3.2 C at Urbana and Dixon Springs, 
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respectively). However, this apparent discrepancy between results from the laboratory and field 
could be accounted for by the insulation of belowground rhizomes from the plant’s aboveground 
crown, and/or avoidance of cold by rhizomes that grew deep in the soil (i.e. <10 cm depth). For 
example, under sod, the minimum temperature during the 2013-2014 winter at Urbana was only -
2.2 °C at 10 cm and -1.4 °C at 20 cm. Regional modeling of soil temperatures indicated that large 
areas of the US Midwest can expect temperatures between -3.5 °C and -6.0 °C at 10 cm below 
bare soil in most years (Kucharik et al., 2013), suggesting that first-year plantings of M×g ‘1993-
1780’ would be at risk of winterkill or injury in this region and those with similar climates. 
Results of the current and previous field studies support the conclusion that insufficient winter-
hardiness for the establishment of M×g ‘1993-1780’ is an intermittent problem in hardiness zones 
5 (average annual minimum air temperature of -28.9° C) and zone 6 (average annual minimum 
air temperature of -23.3° C), and a consistent problem in hardiness zone 4 (average annual 
minimum air temperature of -34.4° C) and lower (Clifton-Brown & Lewandowski, 2000; 
Lewandowski et al., 2000; Jørgensen et al., 2003; Heaton et al., 2008). Thus, for the cultivation 
of M×g in cold temperate environments to be commercially viable, greater winter-hardiness is 
needed than that found in the M×g ‘1993-1780’ genotype, which currently accounts for nearly all 
Miscanthus biomass area in North America and Europe. 
 Fortunately, two triploid M×g genotypes, ‘Nagara’ and ‘10UI-032.004’, and the tetraploid 
M. sacchariflorus ‘Bluemel’, a parent of ‘10UI-032.004’, survived fully and undamaged from the 
severe winter of 2013-2014 at Urbana (Table 3.15, Figs. 3.10 and 3.11). These results 
demonstrate that it is possible to select and breed triploid M×g with greatly superior winter-
hardiness than M×g ‘1993-1780’. Substantial variation in overwintering ability and winter-
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hardiness of M×g can be obtained by selection of parents and within M×g populations. The 
tetraploid M. sacchariflorus parent of ‘Nagara’ (accession No.: 93M0005064), was collected 
from along the banks of the Nagara River in Gifu Prefecture, Japan, and its M. sinensis parent 
was also of Japanese provenance but selected for adaptation to Saxony-Anhalt, Germany 
(hardiness zones 7b, average annual minimum air temperature of -15.0 to -12.2 °C; Deuter, 
2011). In contrast, Clifton-Brown et al. (2001) observed first-winter (1997-1998) survival of 50% 
in Sweden and 33% Denmark for another tetraploid M. sacchariflorus, collected along the 
Nagara River in Gifu Prefecture, EMI no. 5. Among the four full-sib progeny of the 10UI-032 
family, overwintering ability was uniformly high (0.93-1.00) but hardiness score varied from 
61% to 97% (Table 3.15, Figs. 3.10), demonstrating substantial variation for adaptation to the 
2013-2014 winter in Urbana within a single cross. The parents of the 10UI-032 cross were 
tetraploid M. sacchariflorus ‘Bluemel’, which we previously determined belongs to the Southern 
Japan genetic group (Lindsay Clark, unpublished data) yet it was one of the few fully hardy 
genotypes in the current study (overwintering: 1.00; hardiness: 100%), and M. sinensis ssp. 
condensatus 'Cabaret', which is indigenous to maritime southern Japan (hardiness zones 9b to 
10a; average annual minimum air temperature of -3.9 to 1.7 °C) and was the least hardy 
genotype in this study (overwintering: 0.13; hardiness: 1% at Urbana; Table 3.15, Figs. 3.10). 
Given the great difference between the parents, and the high level of overwintering observed in 
all four 10UI-032 progeny, we conclude that alleles for winter survival came primarily from the 
tetraploid M. sacchariflorus parent, and were dominant and/or additively exceeded a threshold 
needed to survive the 2013-2014 winter in Urbana. Similarly, hardiness in the 10UI-032 progeny 
was skewed towards the tolerant tetraploid M. sacchariflorus parent. Among the three triploid 
M×g Ogi series genotypes, which were collected as seed from wild plants in Kyushu, Japan 
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(USDA hardiness zone 9b, average annual minimum air temperature of -3.9 to -1.1 °C), 
overwintering and hardiness in Urbana ranged as low as 0.39 and 4%, respectively for ‘Ogi63‘, 
but for ‘Ogi80‘, all plants survived and the hardiness score was a relatively high 67%, 
demonstrating that wild unselected M. sacchariflorus and M. sinensis plants from subtropical 
southern Japan can sometimes produce progeny with substantially greater winter hardiness than 
might be expected (Table 3.15, Figs. 3.10). Taken together, data from the current and prior 
studies suggest that there is considerable genetic variation for overwintering ability among and 
within the M. sacchariflorus from Japan that can be exploited to breed more winter-hardy M×g. 
Moreover, there exist wild populations of M. sacchariflorus and M. sinensis that are adapted to 
natural environments with much colder winters (lower hardiness zones) than in Japan (Clark et 
al., 2014, 2015, 2016; Dong et al., 2017), and these can also be used to further improve winter 
hardiness of M×g. 
In summary, these three field trial experiments systematically demonstrated both 
phenotypic and genetic variation for overwintering ability in Miscanthus. Differences in 
overwintering ability among the three interconnected F1 populations indicated the importance of 
selecting cold-tolerant genotypes as parents. Screening a large panel of M. sinensis germplasm 
enabled us to determine that the Korea/N China genetic group could be a valuable gene pool for 
cold tolerance, and cold-tolerant genotypes might also exist in the Yangtze-Qinling, Southern 
Japan, and Northern Japan groups. Newly developed M×g exhibited better overwintering ability 
than the commercial cultivar M×g ‘1993-1780’, suggesting a promising future for these new 
hybrids. We detected QTLs for nine adaptation traits using three interconnected F1 populations, 
and marker-trait associations for overwintering ability using the large M. sinensis germplasm 
panel. The common findings between QTLs and GWA hits suggested that these genomic regions 
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are important for response to cold stress. Many of the candidate genes for the QTLs and GWA 
hits provided interesting hypotheses for further testing. 
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3.6 Tables and Figures 
Table 3.1 Overview of three field trial experiments in studying the genetic variation for 
overwintering ability in Miscanthus. 
Experiment Plant materials Objectives Field trial locations 
1 Three interconnected 
diploid Miscanthus F1 
populations 
Mapped QTLs for overwintering 
ability and adaptation traits in year 3 
during the exceptionally cold winter 
of 2013-2014 
Urbana, IL, USA 
    
2 An M. sinensis 
germplasm panel plus 
controls of 564 
genotypes 
Screened an M. sinensis germplasm 
panel (n = 564) for overwintering 
ability in years 1 and 2, and 
identified marker-trait associations 
through genome-wide association 
analyses 
Urbana, IL, USA 
Fort Collins, CO, USA 
Leamington, ON, Canada 
Sapporo, Japan 
Chuncheon, South Korea 
    
3 13 M. × giganteus 
genotypes and the 
two parents of one 
full-sib M. × 
giganteus family 
Compared year 1 overwintering 
ability of new M×g genotypes to the 
commercial cultivar ‘1993-1780’ 
during the exceptionally cold winter 
of 2013-2014 
Urbana, IL, USA 
Dixon Springs, IL, USA 
Jonesboro, AR, USA 
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Table 3.2 Three interconnected diploid F1 Miscanthus populations (A-C) evaluated in 
experiment 1. Note that the parent ‘Cosmopolitan‘ is common to all three full-sib families. 
Population N Parent Parent characteristics 
MapA 281 ♀ M. sacchariflorus ‘Robustus‘ Early flowering, thin stem, rhizomatous, cold hardy 
♂ M. sinensis ‘Cosmopolitan‘ Late flowering, thick stem, tall plant, cold sensitive 
MapB 243 ♀ M. sinensis ‘Cosmopolitan‘ Late flowering, thick stem, tall plant, cold sensitive 
♂ M. sinensis ‘Silberturm‘ Late flowering, thick stem, cold hardy 
MapC 128 ♀ M. sinensis ‘November Sunset‘ Late flowering, thick stem, cold hardy 
♂ M. sinensis ‘Cosmopolitan‘ Late flowering, thick stem, tall plant, cold sensitive 
Note: all parents are ornamental cultivars. 
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Table 3.3 Field trials of a Miscanthus sinensis diversity panel and controls planted at five 
locations and evaluated for overwintering ability in experiment 2. Field trials were established at 
each location in 2012, and three additional field trials were established at UI, CSU and KNU in 
2013. 
Location† Lat Long 
Hardiness 
zone‡ 
Establishment 
year Rep Ntotal
a
 
Nsub
b
 
2013 
Nsub 
2014 
Nsub 
2015 
UI 40.1 -88.2 5 2012 4 142 140 111  
    
2013 4 164  145  
CSU 40.7 -105.0 5 2012 3 142 120 54  
    
2013 4 164  140  
HU 43.1 141.4 7 2012 4 565 512 488  
KNU 37.9 127.8 6 2012 3 565 244 186  
    
2013 3 565  424 366 
NEF 42.1 -82.6 6 2012 4 565 561 471  
†UI = University of Illinois at Urbana-Champaign, Urbana, IL, USA; CSU = Colorado State 
University, Fort Collins, CO, USA; HU = Hokkaido University, Sapporo, Japan; KNU = 
Kangwon National University, Chuncheon, South Korea; NEF = New Energy Farms, 
Leamington, ON, Canada. 
‡http://www.plantmaps.com.  
a
Ntotal: Number of accessions planted, including the control M×g ‘1993-1780’. 
b
Nsub: Number of M. sinensis genotypes that were alive in the autumn of the previous year and 
thus included in GWA analysis of overwintering ability. 
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Table 3.4 Entries of M. × giganteus and controls studied for overwintering ability in experiment 
3. Replicated field trials were planted in spring 2013 at Urbana, IL, Dixon Springs, IL and 
Jonesboro, AR.  
Entry† Accession ID Ploidy 
M. × giganteus '1993-1780' UI10-00107 3x 
M. × giganteus 'Nagara' UI10-00123 3x 
M. × giganteus 'Ogi63' Ogi63 3x 
M. × giganteus 'Ogi79' Ogi79 3x 
M. × giganteus 'Ogi80' Ogi80 3x 
M. × giganteus 'PF1-1' UI11-00043 4x 
M. × giganteus 'PF1-2' UI11-00044 4x 
M. × giganteus 'PF1-3' UI11-00045 4x 
M. × giganteus 'PF1-7' UI11-00046 4x 
M. × giganteus '10UI-032.001' 10UI-032.001 3x 
M. × giganteus '10UI-032.002' 10UI-032.002 3x 
M. × giganteus '10UI-032.003' 10UI-032.003 3x 
M. × giganteus '10UI-032.004' 10UI-032.004 3x 
M. sacchariflorus 4x 'Bluemel' UI10-00117 4x 
M. sinensis ssp. condensatus 'Cabaret' UI10-00012 2x 
†Ogi63, Ogi79, and Ogi80 were from wild-collected seed harvested in Kyushu Japan (American 
Journal of Botany 98(1): 154–159. 2011). 
PF series were from New Energy Farms, Leamington, ON, Canada.  
Four entries were full-sibs from the cross 10UI-032 (M. sacchariflorus 4x 'Bluemel' × M. 
sinensis ssp. condensatus 'Cabaret'; the parents were included in the field trials as controls). 
Nagara, Ogi63, and PF1-3 were not planted in AR. 
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Table 3.5 Evaluation system to obtain phenotypic trait data for three field trial experiments.  
Trait (unit) Abbreviation Trait description and evaluation system 
Experiments 
in which traits 
were 
phenotyped 
Overwintering ability 
(Prpn) 
OWA Recorded if the plant was dead or alive. Data taken in 
late October and again during the last week of 
following May. Dead plant was recorded as 0, and alive 
plant was recorded as 1. Missing plants were recorded 
as NA. Overwintering ability was then calculated from 
survival data as follows: 0, plant was alive in previous 
year’s autumn but was dead in current year’s spring; 1, 
plant was alive in previous year’s autumn and also 
regrew in current year’s spring. 
1, 2, 3 
Spring regrowth date 
(days) 
SRD Date of emergence of new green tissue, either by 
pushing older material above the previous year’s cut 
height or by the emergence of new shoots. Data were 
recorded weekly. 
1 
Autumn dormancy date 
(days) 
ADD Date of onset of dormancy (yellowing or non-green 
leaves on ≥ 25% of plant). Recorded weekly. 
1 
Growing days (days) GD Calculated by subtracting autumn dormancy date from 
the spring regrowth date. 
1 
Autumn frost damage 
(%) 
AFD Estimated percentage of total leaf area that was 
damaged using 0-11 scale. 0: No Frost Damage; 
1: 1-10% Frost Damage; 2: 11-20% Frost Damage; 
3: 21-30% Frost Damage; 4: 31-40% Frost Damage; 
5: 41-50% Frost Damage; 6: 51-60% Frost Damage; 
7: 61-70% Frost Damage; 8: 71-80% Frost Damage; 
9: 81-90% Frost Damage; 10: 91-99% Frost Damage; 
11- Complete Frost Damage 
1 
May hardiness (%) MH The ratio of the number of new live tillers in the spring 
to the number of tillers that grew in the previous year. 
Recorded in 10% increment with a cap of 100%. 
1, 3 
June hardiness (%) JH Based on the same evaluation system for hardiness 
score in May but data were recorded again in June. 
1 
May vigor (1-9 score) MVg Visual rating on 1-9 scale. 1: Extremely vigorous; 3: 
Above average vigor; 5: Average vigor; 7: Below 
average vigor; 9: Weak. 
1 
June vigor (1-9 score) JVg Based on the same rating scale for vigor score in May 
but data were recorded again in June. 
1 
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Table 3.6 Analyses of variance, testing effects of genotype for nine adaptation traits in three 
interconnected diploid F1 Miscanthus populations (Expt 1; MapA: M. sacchariflorus ‘Robustus‘ 
× M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ × M. sinensis 
‘Silberturm‘ (n = 243); MapC: M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n 
= 128)), established in a field trial with three clonal replications at Urbana, IL in 2011. Four 
traits, including spring regrowth date, autumn dormancy date, growing days, and autumn frost 
damage were phenotyped in 2013. The remaining five traits, May and June plant hardiness 
scores (ratio of number of new tillers in spring of 2014 relative to number of tillers at the end of 
the 2013 growing season, expressed as a percentage), plant vigor in both May and June, and 
overwintering ability (proportion survival), were phenotyped in 2014 and were measures of 
winter-hardiness of established year-3 plants. The winter of 2013-2014 was especially cold in 
Urbana, IL, with a minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 and a 
minimum air temperature of -25.3 C on 7 February 2014.   
Trait Term DF Mean squares F value Pr (>F) 
MapA      
2013 spring regrowth date Genotype 280 7.69 1.42 <0.001 
 
Residual 534 5.41 
  2013 autumn dormancy date Genotype 280 500.31 5.53 <0.001 
 Residual 534 90.49   
2013 growing days Genotype 280 482.48 5.17 <0.001 
 
Residual 534 93.36 
  2013 autumn frost damage Genotype 280 4.57 3.25 <0.001 
 
Residual 534 1.41 
  2014 May hardiness Genotype 280 843.11 3.51 <0.001 
 
Residual 534 240.29 
  2014 June hardiness Genotype 280 71.24 3.10 <0.001 
 
Residual 534 22.97 
  2014 May vigor Genotype 280 7.94 4.33 <0.001 
 
Residual 530 1.84 
  2014 June vigor Genotype 280 2.98 5.79 <0.001 
 
Residual 533 0.51 
  2014 overwintering ability Genotype 280 0.00 0.95 0.684 
 
Residual 534 0.00 
  MapB 
     2013 spring regrowth date Genotype 241 35.98 1.40 0.002 
 
Residual 386 25.64 
  2013 autumn dormancy date Genotype 241 100.92 2.38 <0.001 
 Residual 384 42.43   
2013 growing days Genotype 241 109.30 1.70 <0.001 
 
Residual 384 64.27 
  2013 autumn frost damage Genotype 241 4.95 2.18 <0.001 
 
Residual 383 2.27 
  2014 May hardiness Genotype 241 144.30 0.97 0.589 
 
Residual 386 147.49 
  2014 June hardiness Genotype 241 1473.52 1.42 0.001 
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Table 3.6 (cont.) 
Trait Term DF Mean squares F value Pr (>F) 
 
Residual 386 1035.19 
  2014 May vigor Genotype 173 0.95 1.02 0.447 
 
Residual 131 0.93 
  2014 June vigor Genotype 225 4.22 0.97 0.581 
 
Residual 278 4.33 
  2014 overwintering ability Genotype 241 0.20 1.49 <0.001 
 
Residual 384 0.13 
  MapC 
     2013 Spring regrowth date Genotype 126 65.65 1.63 0.001 
 
Residual 197 40.23 
  2013 autumn dormancy date Genotype 126 32.90 1.70 <0.001 
 Residual 190 19.37   
2013 growing days Genotype 126 62.11 1.71 0.000 
 
Residual 190 36.36 
  2013 autumn frost damage Genotype 126 0.16 0.99 0.513 
 
Residual 196 0.16 
  2014 May hardiness Genotype 126 64.55 1.07 0.325 
 
Residual 195 60.09 
  2014 June hardiness Genotype 126 997.25 1.20 0.121 
 
Residual 195 827.78 
  2014 May vigor Genotype 81 0.42 1.39 0.114 
 
Residual 46 0.30 
  2014 June vigor Genotype 113 2.14 0.95 0.597 
 
Residual 115 2.24 
  2014 overwintering ability Genotype 126 0.22 1.11 0.253 
 
Residual 195 0.20 
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Table 3.7 Summary statistics for nine adaptation traits in three interconnected diploid F1 Miscanthus populations (Expt 1; MapA: M. 
sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘ (n = 
243); MapC: M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), their parents, and the high-yielding control, M. 
×giganteus ‘1993-1780’, established in a field trial with three clonal replications at Urbana, IL in 2011. Four traits, including spring 
regrowth date, autumn dormancy date, growing days, and autumn frost damage were phenotyped in 2013. The remaining five traits, 
May and June plant hardiness scores (ratio of number of new tillers in spring of 2014 relative to number of tillers at the end of the 
2013 growing season, expressed as a percentage), plant vigor in both May and June, and overwintering ability (proportion survival), 
were phenotyped in 2014 and were measures of winter-hardiness of established year-3 plants. The winter of 2013-2014 was especially 
cold in Urbana, IL, with a minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 and a minimum air temperature of -25.3 
C on 7 February 2014. Data shown are least square means of the parents, population means, standard error, minimum, maximum, and 
broad-sense heritability.  
     Population statistics 
Trait Population Year 
In-common  
parent 
Other 
parent Mean SE Min Max H
2
 
Spring regrowth date MapA 2013 April 26 April 19 April 20 0.1 April 19 April 30 0.31 
 MapB 2013 April 26 April 22 April 21 0.3 April 19 May 21 0.32 
 MapC 2013 April 26 April 19 April 23 0.5 April 19 May 19 0.38 
Autumn dormancy date MapA 2013 Nov 15 Sep 30 Sep 30 0.8 Sep 30 Nov 15 0.82 
 MapB 2013 Nov 15 Oct 28 Oct 28 0.4 Oct 28 Nov 15 0.62 
 MapC 2013 Nov 15 Nov 8 Nov 8 0.3 Oct 28 Nov 15 0.45 
Growing Days MapA 2013 203 163 183 0.8 159 209 0.81 
 MapB 2013 203 188 199 0.4 177 209 0.44 
 MapC 2013 203 202 199 0.5 177 209 0.44 
Autumn frost damage (score) MapA 2013 3.5 0.0 2.7 0.1 0.7 6.3 0.70 
 
MapB 2013 3.3 3.0 2.6 0.1 1.0 9.0 0.58 
 
MapC 2013 3.3 0.0 0.2 0.0 0.0 1.0 0.11 
May hardiness (%) MapA 2014 0 100 90 1.0 3 100 0.72 
 MapB 2014 0 0 7 0.5 0 40 0.03 
 MapC 2014 0 17 5 0.4 0 25 0.15 
June hardiness (%) MapA 2014 0 100 99 0.3 30 100 0.69 
 MapB 2014 3 25 35 1.7 0 100 0.31 
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Table 3.7 (cont.) 
     Population statistics 
Trait Population Year 
In-common  
parent 
Other 
parent Mean SE Min Max H
2
 
 MapC 2014 3 47 24 1.8 0 80 0.26 
May vigor (1-9 score) MapA 2014 9 1 3.2 0.1 1.0 9.0 0.78 
 MapB 2014 9 9 8.5 0.1 5.0 9.0 0.00 
 MapC 2014 9 8 8.8 0.1 5.0 9.0 0.00 
June vigor (1-9 score) MapA 2014 9 1 1.5 0.1 1.0 8.0 0.84 
 MapB 2014 9 9 7.4 0.1 3.0 9.0 0.14 
 MapC 2014 9 6 8.0 0.1 4.0 9.0 0.14 
Overwintering ability (Prpn) MapA 2014 0.5 1.0 1.0 0.00 0.7 1.0 NA† 
 MapB 2014 0.4 0.7 0.8 0.02 0.0 1.0 0.33 
 MapC 2014 0.4 0.7 0.7 0.03 0.0 1.0 0.34 
†Heritability of overwintering ability in MapA could not be estimated because all plants in this population survived the winter.
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Table 3.8 Correlation coefficients between pairs of nine adaptation traits (genetic correlations above the diagonal and Pearson 
correlations below the diagonal) for three interconnected diploid F1 Miscanthus populations (Expt 1; MapA: M. sacchariflorus 
‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘ (n = 243); MapC: 
M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), established in a field trial with three clonal replications at 
Urbana, IL in 2011. Unless specified as non-significant (NS), all correlations shown are significant at P < 0.0001. Four traits, 
including spring regrowth date, autumn dormancy date, growing days, and autumn frost damage were phenotyped in 2013. The 
remaining five traits, May and June plant hardiness scores (ratio of number of new tillers in spring of 2014 relative to number of tillers 
at the end of the 2013 growing season, expressed as a percentage), plant vigor in both May and June, and overwintering ability 
(proportion survival), were phenotyped in 2014 and were measures of winter-hardiness of established year-3 plants. The winter of 
2013-2014 was especially cold in Urbana, IL, with a minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 and a 
minimum air temperature of -25.3 C on 7 February 2014. 
MapA 
Spring 
regrowth 
date 
(2013) 
Autumn  
dormancy 
date 
(2013) 
Growing 
days 
(2013) 
Autumn 
frost 
damage 
(2013) 
May 
hardiness 
(2014) 
June 
hardiness 
(2014) 
May vigor 
(2014) 
June vigor 
(2014) 
Overwintering 
ability (2014)† 
Spring regrowth date (2013) 
 
0.14 0.30 -0.19 -0.57 -0.35 0.66 0.67 
 Autumn dormancy date (2013) 0.37 
 
0.99 -0.30 -0.42 -0.27 0.40 0.38 
 Growing days (2013) NS 0.99 
 
-0.27 -0.38 -0.25 0.36 0.34 
 Autumn frost damage (2013) -0.66 -0.45 -0.41 
 
0.55 0.21 -0.68 -0.63 
 May hardiness (2014) -0.22 -0.19 -0.16 0.22 
 
0.66 -0.90 -0.81 
 June hardiness (2014) -0.22 -0.11 -0.07 0.10 0.42 
 
-0.75 -0.82 
 May vigor (2014) 0.23 0.21 0.17 -0.30 -0.76 -0.30 
 
0.74 
 June vigor (2014) 0.36 0.23 0.18 -0.33 -0.64 -0.55 0.58 
  Overwintering ability (2014)                   
MapB                   
Spring regrowth date (2013) 
 
0.13 -0.20 -0.08 -0.93 -0.60 0.19 0.52 -0.79 
Autumn dormancy date (2013) 0.51 
 
0.91 -0.09 -0.53 -0.66 -0.05 0.40 -0.82 
Growing days (2013) -0.21 0.81 
 
NS -0.16 -0.47 -0.19 0.22 -0.38 
Autumn frost damage (2013) 0.09 -0.03 -0.08 
 
0.66 0.33 -0.72 -0.70 0.13 
May hardiness (2014) NS NS NS NS 
 
0.98 -0.53 -0.89 0.31 
June hardiness (2014) -0.08 -0.14 -0.08 NS 0.68 
 
-0.81 -0.93 0.50 
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Table 3.8 (cont.) 
MapB 
Spring 
regrowth 
date 
(2013) 
Autumn  
dormancy 
date (2013) 
Growing 
days (2013) 
Autumn 
frost 
damage 
(2013) 
May 
hardiness 
(2014) 
June 
hardiness 
(2014) 
May vigor 
(2014) 
June vigor 
(2014) 
Overwintering 
ability (2014)† 
May vigor (2014) NS -0.25 -0.20 0.17 -0.82 -0.52 
 
0.78 
 June vigor (2014) NS NS NS NS -0.74 -0.86 0.72 
  Overwintering ability (2014) -0.18 -0.18 NS NS 0.85 0.92       
MapC                   
Spring regrowth date (2013) 
 
0.34 -0.14 NS -0.57 -0.29 0.70 -0.17 -0.59 
Autumn dormancy date (2013) 0.46 
 
0.24 -0.13 -0.26 -0.26 
 
-0.01 -0.47 
Growing days (2013) NS 0.4 
 
NS 0.60 0.48 -0.14 -0.44 0.67 
Autumn frost damage (2013) 
         May hardiness (2014) -0.14 -0.18 NS 0.15 
 
0.95 -0.83 -0.77 0.40 
June hardiness (2014) -0.16 -0.20 NS 0.16 0.72 
 
-0.38 -0.91 0.55 
May vigor (2014) NS NS NS NS -0.79 -0.40 
 
0.84 
 June vigor (2014) NS NS NS -0.15 -0.71 -0.89 0.52 
  Overwintering ability (2014) -0.31 -0.24 NS NS   0.99       
†Empty cells indicate no data available, (e.g. May vigor in MapB and MapC due to delayed emergence) or non-variable traits (e.g. all 
plants in MapA survived the winter). 
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Table 3.9 QTLs detected by single-population analysis in three interconnected diploid F1 
Miscanthus populations (Expt 1; MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis 
‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘ (n = 
243); MapC: M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), 
established in a field trial with three clonal replications at Urbana, IL in 2011. Traits include 
spring regrowth date (SRD), autumn dormancy date (ADD), growing days (GD), autumn frost 
damage (AFD), hardiness scores (ratio of number of new tillers in spring of 2014 relative to 
number of tillers at the end of the 2013 growing season, expressed as a percentage) in May (MH) 
and June (JH), vigor scores (1-9 scale) in May (MVg) and June (JVg), and overwintering ability 
(OWA; proportion survival). The winter of 2013-2014 was especially cold in Urbana, IL, with a 
minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 and a minimum air 
temperature of -25.3 C on 7 February 2014. 
Popula-
tion Trait Year QTL Peak Marker LG LOD 
Positio
n (cM) PVE (%) 
Left 
Bound 
(cM) 
Right 
Bound 
(cM) 
Allelic 
Effect† 
31 in-
common 
QTLs‡ 
MapA SRD 2013 UIMiscanthus082668 10 14.6 31.0 11.2 22.6 39.4 -2.25 Y 
MapA SRD 2013 UIMiscanthus047352 14 8.1 70.4 5.9 54.5 86.4 1.59  
MapA ADD 2013 UIMiscanthus003691 7 14.8 65.4 8.4 54.3 76.6 15.27 Y 
MapA ADD 2013 UIMiscanthus082668 10 12.5 31.0 7.0 17.4 44.5 -14.29 Y 
MapA ADD 2013 UIMiscanthus084311 12 7.8 81.2 4.2 58.6 88.2 10.76 Y 
MapA ADD 2013 UIMiscanthus002312 13 10.3 51.3 5.7 34.7 67.9 -16.03 Y 
MapA ADD 2013 UIMiscanthus086532 17 8.7 69.4 4.7 49.3 89.5 8.27 Y 
MapA ADD 2013 UIMiscanthus002120 18 7.7 53.0 4.1 30.1 75.9 9.02 
 
MapA ADD 2013 UIMiscanthus040489 19 10.2 96.2 5.6 79.4 98.9 -12.51 Y 
MapA GD 2013 UIMiscanthus003691 7 13.1 65.4 7.6 53.0 77.9 4.24 Y 
MapA GD 2013 UIMiscanthus082668 10 10.1 31.0 5.7 14.5 47.4 -12.80 Y 
MapA GD 2013 UIMiscanthus084311 12 8.2 81.2 4.6 60.6 88.2 11.07 Y 
MapA GD 2013 UIMiscanthus002312 13 9.2 51.3 5.2 33.0 69.6 -15.07 Y 
MapA GD 2013 UIMiscanthus086532 17 9.1 69.4 5.1 50.9 87.8 11.97 Y 
MapA GD 2013 UIMiscanthus071035 18 7.7 26.5 4.2 4.2 48.7 14.75 Y 
MapA GD 2013 UIMiscanthus040489 19 9.5 96.2 5.3 78.4 98.9 -11.97 Y 
MapA AFD 2013 UIMiscanthus082668 10 44.2 31.0 33.2 28.1 33.8 3.00 Y 
MapA AFD 2013 UIMiscanthus017789 13 8.0 74.7 4.4 53.1 96.4 -1.06 
 
MapA MH 2014 UIMiscanthus015837 4 8.9 56.5 5.3 38.8 74.2 -15.61 Y 
MapA MH 2014 UIMiscanthus082668 10 30.0 31.0 21.7 26.6 35.3 32.35 Y 
MapA MH 2014 UIMiscanthus056112 19 8.1 89.4 4.9 70.0 98.9 -14.94 Y 
MapA MVg 2014 UIMiscanthus081890 4 11.4 52.3 4.8 32.6 72.0 1.49 Y 
MapA MVg 2014 UIMiscanthus082668 10 59.4 31.0 38.4 28.5 33.4 -4.33 Y 
MapA MVg 2014 UIMiscanthus089742 11 14.1 52.3 6.1 36.7 67.8 -1.91 Y 
MapA MVg 2014 UIMiscanthus002644 13 10.6 42.7 4.4 21.4 64.0 1.58 Y 
MapA JVg 2014 UIMiscanthus082668 10 30.4 31.0 24.4 27.1 34.8 -2.13 Y 
MapB ADD 2013 UIMiscanthus061841 6 9.2 75.4 7.5 60.8 89.9 -6.98 Y 
MapB ADD 2013 UIMiscanthus073185 14 8.5 16.2 6.9 0.3 32.0 5.17 
 
147 
 
Table 3.9 (cont.) 
Popula-
tion Trait Year QTL Peak Marker LG LOD 
Positio
n (cM) PVE (%) 
Left 
Bound 
(cM) 
Right 
Bound 
(cM) 
Allelic 
Effect† 
31 in-
common 
QTLs‡ 
MapB ADD 2013 UIMiscanthus061798 18 8.9 22.4 7.3 7.4 37.4 7.91 Y 
MapB GD 2013 UIMiscanthus073185 14 8.0 16.2 7.6 1.8 30.5 5.79  
MapB AFD 2013 UIMiscanthus005329 16 9.6 72.2 9.0 60.2 84.3 -1.15  
MapB MH  2014 UIMiscanthus085247 14 8.0 37.9 7.5 23.5 52.4 -10.58  
MapB JH  2014 UIMiscanthus002478 1 7.3 105.8 5.8 87.2 124.5 -24.55 Y 
MapB JH  2014 UIMiscanthus090014 4 10.7 89.8 8.9 77.5 102.0 30.41 Y 
MapB JH 2014 UIMiscanthus088409 6 8.1 86.0 6.6 69.5 102.5 -24.48 Y 
MapB OWA 2014 UIMiscanthus072736 9 7.8 54.5 7.4 39.7 69.3 -0.32 Y 
MapC ADD 2013 UIMiscanthus021621 2 15.6 97.5 28.8 90.3 104.7 4.50 
 
MapC JH 2014 UIMiscanthus000815 1 8.5 55.9 15.2 42.3 69.6 46.60 Y 
MapC OWA 2014 UIMiscanthus061802 1 10.1 105.8 17.9 94.3 117.4 -0.55 Y 
LG = linkage group. 
PVE = percent variance explained. 
†Allelic effect of each of the three parents unique to each cross (MapA: M. sacchariflorus 
‘Robustus’; MapB: M. sinensis ‘Silberturm’; MapC: M. sinensis ‘November Sunset’) relative to 
the in-common parent, M. sinensis ‘Cosmopolitan’. 
‡Y indicates that the QTL belongs to the 31 in-common QTLs between single-population 
analysis and joint-population analysis; an empty cell indicates the QTL is unique to the single-
population analysis. 
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Table 3.10 QTLs detected by joint-population analysis across three interconnected populations 
(Expt 1; MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: 
M. sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘ (n = 243); MapC: M. sinensis ‘November 
Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), established in a field trial with three clonal 
replications at Urbana, IL in 2011. Traits include spring regrowth date (SRD), autumn dormancy 
date (ADD), growing days (GD), autumn frost damage (AFD), May hardiness score (MH), June 
hardiness score (JH), May vigor score (MVg), June vigor score (JVg) and overwintering ability 
(OWA). The winter of 2013-2014 was especially cold in Urbana, IL, with a minimum soil 
temperature at 10 cm of -6.2 C on 29 January 2014 and a minimum air temperature of -25.3 C 
on 7 February 2014. 
Trait Year QTL Peak Marker 
L
G LOD 
Position 
(cM) 
PVE 
(%) 
Left 
Bound 
(cM) 
Right 
Bound 
(cM) 
Allelic 
Effect of 
Msa. 
'Robustus' 
Allelic 
Effect of 
Msi. 
'Silberturm' 
Allelic 
Effect of 
Msi. 
'November 
Sunset' 
31 in-
common 
QTLs† 
SRD 2013 UIMiscanthus000464 4 8.3 34.3 7.3 28.7 39.9 -0.91 1.11 -21.86 
 
SRD 2013 UIMiscanthus082668 10 5.2 31.0 5.3 23.3 38.6 -6.60 1.03 -0.70 Y 
ADD 2013 UIMiscanthus086572 1 6.5 120.9 3.6 109.7 132.0 -11.41 2.25 0.62  
ADD 2013 UIMiscanthus008730 3 3.9 72.4 2.2 53.5 91.2 -8.58 -1.53 1.40 
 
ADD 2013 UIMiscanthus061628 4 5.4 69.2 3.0 55.6 82.7 -8.82 -5.87 -2.29 
 
ADD 2013 UIMiscanthus019698 6 3.7 67.4 2.1 47.7 87.1 8.20 1.58 3.17 Y 
ADD 2013 UIMiscanthus003691 7 11.8 65.4 6.8 59.5 71.4 15.75 -0.45 0.36 Y 
ADD 2013 UIMiscanthus074683 8 4.2 30.9 2.3 13.4 48.4 -11.14 -4.19 -4.49 
 
ADD 2013 UIMiscanthus088390 9 3.5 80.4 2.0 59.8 100.9 6.79 5.83 -0.34 
 
ADD 2013 UIMiscanthus082668 10 12.6 31.0 7.3 25.4 36.5 -16.65 2.36 0.56 Y 
ADD 2013 UIMiscanthus084311 12 6.5 81.2 3.7 70.1 88.2 11.38 0.70 1.87 Y 
ADD 2013 UIMiscanthus002312 13 4.4 51.3 2.4 34.6 68.0 -12.06 1.54 0.78 Y 
ADD 2013 UIMiscanthus001120 14 5.8 47.6 3.2 35.1 60.2 14.69 5.68 0.84 
 
ADD 2013 UIMiscanthus086532 17 5.7 69.4 3.2 56.7 82.0 6.56 2.05 -0.37 Y 
ADD 2013 UIMiscanthus071035 18 6.2 26.5 3.5 14.7 38.2 14.58 -3.77 -1.79 Y 
ADD 2013 UIMiscanthus040489 19 8.3 96.2 4.7 87.6 98.9 -13.04 0.72 -0.26 Y 
GD 2013 UIMiscanthus020369 1 4.4 117.9 3.1 104.8 130.9 -10.43 3.46 2.16  
GD 2013 UIMiscanthus003691 7 9.1 65.4 6.5 59.2 71.7 5.56 1.00 2.50 Y 
GD 2013 UIMiscanthus082668 10 5.5 31.0 3.9 20.7 41.3 -12.75 -0.05 0.19 Y 
GD 2013 UIMiscanthus084311 12 5.0 81.2 3.6 69.7 88.2 11.66 0.14 -0.81 Y 
GD 2013 UIMiscanthus002312 13 5.2 51.3 3.7 40.3 62.3 -15.32 1.08 1.33 Y 
GD 2013 UIMiscanthus086532 17 5.9 69.4 4.2 59.7 79.0 9.79 3.52 -5.21 Y 
GD 2013 UIMiscanthus074528 18 5.1 26.7 3.6 15.5 37.9 10.86 -5.28 -1.86 Y 
GD 2013 UIMiscanthus040489 19 6.1 96.2 4.3 86.8 98.9 -12.74 0.89 -1.46 Y 
AFD 2013 UIMiscanthus072864 3 3.9 24.9 3.1 11.9 37.8 0.62 1.24 0.23 
 
AFD 2013 UIMiscanthus082668 10 17.1 31.0 14.5 28.2 33.8 2.88 0.21 -0.01 Y 
AFD 2013 UIMiscanthus070347 14 4.1 51.1 3.3 38.9 63.3 -0.71 -1.57 -0.03 
 
AFD 2013 UIMiscanthus069016 16 5.4 37.0 4.4 27.8 46.2 -0.24 1.72 -0.01 
 
MH 2014 UIMiscanthus015837 4 5.5 56.5 3.6 45.2 67.8 -15.14 -0.55 -6.17 Y 
MH 2014 UIMiscanthus082668 10 22.9 31.0 15.9 28.4 33.5 32.83 -8.48 -0.54 Y 
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Table 3.10 (cont.) 
Trait Year QTL Peak Marker 
L
G LOD 
Position 
(cM) 
PVE 
(%) 
Left 
Bound 
(cM) 
Right 
Bound 
(cM) 
Allelic 
Effect of 
Msa. 
'Robustus' 
Allelic 
Effect of 
Msi. 
'Silberturm' 
Allelic 
Effect of 
Msi. 
'November 
Sunset' 
31 in-
common 
QTLs† 
MH 2014 UIMiscanthus068844 11 4.4 56.8 2.8 42.5 71.2 15.61 -4.24 0.80  
MH 2014 UIMiscanthus056112 19 5.0 89.4 3.2 76.8 98.9 -14.60 0.68 1.77 Y 
JH 2014 UIMiscanthus000815 1 7.5 55.9 5.7 48.7 63.1 -0.20 -20.87 41.64 Y 
JH 2014 UIMiscanthus002478 1 4.7 105.8 3.5 94.3 117.4 -1.24 -21.97 -7.47 Y 
JH 2014 UIMiscanthus001689 2 4.3 17.6 3.2 4.9 30.2 1.52 -16.56 19.31 
 
JH 2014 UIMiscanthus073786 3 4.0 65.9 2.9 52.1 79.7 0.29 12.61 -26.98 
 
JH 2014 UIMiscanthus090014 4 8.1 89.8 6.1 83.1 96.4 1.25 29.56 0.08 Y 
JH 2014 UIMiscanthus084022 5 4.1 12.2 3.1 0.0 25.5 0.66 -20.64 -6.52 
 
JH 2014 UIMiscanthus088409 6 7.1 86.0 5.3 78.4 93.6 -2.19 -25.04 -8.78 Y 
MVg 2014 UIMiscanthus081890 4 5.7 52.3 4.1 42.4 62.2 1.52 -0.05 -0.14 Y 
MVg 2014 UIMiscanthus082668 10 39.0 31.0 31.7 29.7 32.2 -4.34 0.34 0.38 Y 
MVg 2014 UIMiscanthus089742 11 7.1 52.3 5.1 44.3 60.2 -1.94 0.09 0.24 Y 
MVg 2014 UIMiscanthus067530 13 5.1 43.9 3.7 32.9 54.9 1.53 -0.36 0.25 Y 
JVg 2014 UIMiscanthus082668 10 8.0 31.0 6.6 24.8 37.1 -2.13 0.53 -0.42 Y 
OWA 2014 UIMiscanthus061802 1 8.8 105.8 6.2 99.3 112.4 0.00 -0.15 -0.49 Y 
OWA 2014 UIMiscanthus059172 4 6.1 72.3 4.3 62.8 81.8 -0.01 0.28 -0.26 
 
OWA 2014 UIMiscanthus069638 6 5.6 64.7 3.9 54.2 75.1 -0.01 -0.32 0.17 
 
OWA 2014 UIMiscanthus064552 8 5.7 66.1 4.0 55.9 76.4 0.00 0.29 -1.32 
 
OWA 2014 UIMiscanthus072736 9 5.1 54.5 3.5 43.0 66.0 0.00 -0.31 0.02 Y 
OWA 2014 UIMiscanthus036875 11 3.7 29.4 2.6 13.4 45.3 -0.01 -0.02 -1.05 
 
OWA 2014 UIMiscanthus011134 15 5.4 0.0 3.8 0.0 10.7 0.00 -0.11 0.84 
 
OWA 2014 UIMiscanthus016483 15 6.0 38.3 4.2 28.6 48.0 0.04 -0.22 -0.50 
 
OWA 2014 UIMiscanthus012370 18 4.5 85.2 3.2 72.3 98.1 0.00 -0.26 0.19 
 †Y indicates that QTL belongs to the 31 in-common QTLs between single-population analysis 
and joint-population analysis; empty cell indicates QTL is unique to joint-population analysis.  
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Table 3.11 Analysis of variance, testing effects of genotype, location, year of establishment, 
number of growing seasons, and their interactions on overwintering ability during the first and 
second winter of the trials for a Miscanthus sinensis diversity panel evaluated at three locations 
in North America (Expt 2; UI = University of Illinois at Urbana-Champaign, Urbana, IL, USA; 
CSU = Colorado State University, Fort Collins, CO, USA; NEF = New Energy Farms, 
Leamington, ON, Canada) and two locations in Asia (HU = Hokkaido University, Sapporo, 
Japan; KNU = Kangwon National University, Chuncheon, South Korea). Field trials were 
established at each location in 2012, and three additional field trials were established at UI, CSU 
and KNU in 2013. 
Term† DF Mean squares F value Pr (>F) 
Block (Location × Year) 23 1.85 40.65 <.0001 
DAPC 7 14.88 326.31 <.0001 
Genotype (DAPC) 556 0.22 4.74 <.0001 
Location 4 16.81 368.55 <.0001 
Year 1 0.37 8.05 0.0046 
Growing season 1 11.21 245.71 <.0001 
DAPC × Location 22 3.39 74.40 <.0001 
DAPC × Year 7 0.09 1.87 0.0698 
DAPC × Growing season 7 2.92 64.05 <.0001 
Genotype (DAPC) × Location 1008 0.16 3.45 <.0001 
Genotype (DAPC) × Year 258 0.10 2.30 <.0001 
Genotype (DAPC) × Growing season 536 0.09 1.87 <.0001 
Error 7707 0.05   
†𝑂𝑊𝐴𝑖𝑗𝑘𝑙𝑚 = 𝜇 + 𝐷𝐴𝑃𝐶𝑖 + 𝐺(𝐷𝐴𝑃𝐶)𝑖𝑗 + 𝐿𝑘 + 𝑌𝑙 + 𝑆𝑚 + 𝐵(𝐿𝑌)𝑘𝑙𝑛 + 𝐷𝐴𝑃𝐶 ∗ 𝐿𝑖𝑘 +
 𝐷𝐴𝑃𝐶 ∗ 𝑌𝑖𝑙 + 𝐷𝐴𝑃𝐶 ∗ 𝑆𝑖𝑚 + 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝐿𝑖𝑗𝑘 +  𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑌𝑖𝑗𝑙 + 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑆𝑖𝑗𝑚 + 𝜀𝑖𝑗𝑘𝑙𝑚𝑛, 
where 𝑂𝑊𝐴 represents overwintering ability, 𝜇 is the grand mean, 𝐷𝐴𝑃𝐶 is genetic group, 
𝐺(𝐷𝐴𝑃𝐶) is genotype nested in genetic group, 𝐿 is location, 𝑌 is year, 𝑆 is growing season, 
𝐵(𝐿𝑌) is block nested in location by year (field trial), 𝐷𝐴𝑃𝐶 ∗ 𝐿 represents genetic group by 
location interaction, 𝐷𝐴𝑃𝐶 ∗ 𝑌 represents genetic group by year interaction, 𝐷𝐴𝑃𝐶 ∗ 𝑆 
represents genetic group by growing season interaction, 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝐿 represents genotype 
nested within genetic group by location interaction, 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑌 represents genotype nested 
within genetic group by year interaction, 𝐺(𝐷𝐴𝑃𝐶) ∗ 𝑆 represents genotype nested within 
genetic group by growing season interaction, and 𝜀 is random error. All model terms were set as 
fixed except for block.
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Table 3.12 Average overwintering ability (proportion survival) and associated standard error during the first winter (establishment 
year) and second winter for genetic groups (identified previously by Clark et al., 2014) in a Miscanthus sinensis diversity panel, 
evaluated at three locations in North America (Expt 2; UI = University of Illinois at Urbana-Champaign, Urbana, IL, USA; CSU = 
Colorado State University, Fort Collins, CO, USA; NEF = New Energy Farms, Leamington, ON, Canada) and two locations in Asia 
(HU = Hokkaido University, Sapporo, Japan; KNU = Kangwon National University, Chuncheon, South Korea). Field trials were 
established at each location in 2012, and three additional field trials were established at UI, CSU and KNU in 2013.  
Field trial Winter 
Min. air 
temp. during 
winter (°C) 
Genetic groups 
Overall 
average 
overwinterin
g ability by 
field trial 
US 
ornamental 
cultivars 
US 
naturalized 
populations 
Southern 
Japan 
Northern 
Japan 
Korea/ 
N China 
Sichuan 
Basin 
Yangtze-
Qinling 
South-
eastern 
China plus 
tropical 
UI 2012 trial 1 -12.1 0.76 ± 0.03 0.69 ± 0.04    0.09 ± 0.00 0.80 ± 0.06 0.10 ± 0.01 0.49 ± 0.03 
 
2 -25.3 0.77 ± 0.03 0.70 ± 0.03     0.72 ± 0.08  0.73 ± 0.02 
UI 2013 trial 1 -25.3 0.56 ± 0.04 0.31 ± 0.04   0.91 ± 0.00 0.07 ± 0.00 0.46 ± 0.08 0.08 ± 0.01 0.40 ± 0.03 
CSU 2012 trial 1 -16.7 0.48 ± 0.04 0.26 ± 0.05    0.07 ± 0.00 0.22 ± 0.09 0.08 ± 0.00 0.22 ± 0.03 
 
2 -24.5 0.86 ± 0.02 0.83 ± 0.06     0.94 ± 0.01  0.87 ± 0.02 
CSU 2013 trial 1 -24.5 0.97 ± 0.01 0.98 ± 0.01   0.99 ± 0.00 0.49 ± 0.18 0.98 ± 0.01 0.13 ± 0.03 0.76 ± 0.02 
NEF 2012 trial 1 -15.0 0.96 ± 0.01 0.90 ± 0.02 0.92 ± 0.04 0.95 ± 0.01 0.96 ± 0.01 0.18 ± 0.05 0.83 ± 0.03 0.21 ± 0.03 0.73 ± 0.01 
 2 -19.0 0.99 ± 0.00  1.00 ± 0.00 1.00 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 0.96 ± 0.02 0.99 ± 0.00 
HU 2012 trial 1 -8.4 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 0.99 ± 0.00 
 
2 -9.2 0.92 ± 0.01 0.92 ± 0.02 0.94 ± 0.02 0.95 ± 0.01 0.95 ± 0.01 0.60 ± 0.05 0.89 ± 0.02 0.61 ± 0.03 0.80 ± 0.01 
KNU 2012 trial 1 -16.5 0.84 ± 0.02 0.64 ± 0.06 0.69 ± 0.07 0.77 ± 0.04 0.86 ± 0.01 0.49 ± 0.08 0.85 ± 0.03 0.37 ± 0.03 0.69 ± 0.02 
 
2 -9.3 0.98 ± 0.01 0.95 ± 0.04 0.90 ± 0.08 0.98 ± 0.00 0.94 ± 0.02 0.48 ± 0.20 0.95 ± 0.03 0.41 ± 0.11 0.82 ± 0.01 
KNU 2013 trial 1 -9.3 0.87 ± 0.02 0.73 ± 0.04 0.83 ± 0.04 0.85 ± 0.02 0.91 ± 0.00 0.73 ± 0.06 0.87 ± 0.02 0.66 ± 0.03 0.82 ± 0.01 
 
2 -13.4 0.93 ± 0.02 0.86 ± 0.06 0.97 ± 0.00 0.95 ± 0.02 0.96 ± 0.01 0.36 ± 0.07 0.87 ± 0.04 0.44 ± 0.06 0.81 ± 0.01 
First winter overwintering ability by 
genetic group across all field trials  0.85 ± 0.01 0.77 ± 0.02 0.90 ± 0.01 0.93 ± 0.01 0.95 ± 0.00 0.46 ± 0.03 0.81 ± 0.01 0.42 ± 0.02  
Second winter overwintering ability 
by genetic group across all field trials  0.92 ± 0.01 0.90 ± 0.02 0.95 ± 0.04 0.98 ± 0.01 0.98 ± 0.00 0.44 ± 0.07 0.92 ± 0.02 0.46 ± 0.02  
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Table 3.13 Markers with significant associations for overwintering ability (proportion survival) in a Miscanthus sinensis diversity 
panel, evaluated at three locations in North America (Expt 2; UI = University of Illinois at Urbana-Champaign, Urbana, IL, USA; 
CSU = Colorado State University, Fort Collins, CO, USA; NEF = New Energy Farms, Leamington, ON, Canada) and two locations in 
Asia (HU = Hokkaido University, Sapporo, Japan; KNU = Kangwon National University, Chuncheon, South Korea). Field trials were 
established at each location in 2012, and three additional field trials were established at UI, CSU and KNU in 2013. 
Chr.† Position‡ Trial¶ 
Wint
erǂ Miscanthus SNP§ P valueɸ 
Nearest S. bicolor 
gene 
Position relative to 
the geneΓ 
Arabidopsis 
gene Gene ontology Gene symbol 
1 9 158 264 KNU 2013 1 UIMiscanthus096890 2.48E-11 Sobic.001G117600 CDS AT4G22760 
Tetratricopeptide repeat (TPR)-like 
superfamily protein 
 
1 73 182 406 UI 2013 1 UIMiscanthus017076 1.85E-07 Sobic.001G455800 3' UTR -> 1171 bp AT4G13780 methionine--tRNA ligase 
 
1 73 966 201 KNU 2013 2 UIMiscanthus104319 2.07E-10 Sobic.001G465900 3' UTR -> 6387 bp  AT3G03900 
adenosine-5\'-phosphosulfate (APS) 
kinase 3 APK3 
1 77 425 506 NEF 2012 2 UIMiscanthus111533 2.84E-116 Sobic.001G506100 3342 bp -> 5' UTR AT4G28650 
Leucine-rich repeat transmembrane 
protein kinase 
 
2 3 043 560 CSU 2012 2 UIMiscanthus015113 1.44E-22 Sobic.002G033200 CDS AT1G30540 Actin-like ATPase 
 
2 3 279 281 NEF 2012 2 UIMiscanthus118365 7.63E-09 Sobic.002G035100 upstream 
   
2 3 406 536 KNU 2012 2 UIMiscanthus118366 2.10E-07 Sobic.002G036150 downstream AT1G30135 jasmonate-zim-domain protein 8 JAZ8 
2 6 522 791 NEF 2012 2 UIMiscanthus118367 3.13E-24 Sobic.002G065900 CDS AT5G59190 subtilase family protein 
 
2 22 943 245 NEF 2012 1 UIMiscanthus118368 4.24E-09 Sobic.002G141300 downstream AT5G67300 myb domain protein r1 MYBR1 
2 77 204 376 KNU 2012 2 UIMiscanthus020585 7.49E-92 Sobic.002G425600 3' UTR AT2G41070 
Basic-leucine zipper (bZIP) 
transcription factor 
ATBZIP12, DPBF4, 
EEL 
3 1 603 696 KNU 2013 1 UIMiscanthus118369 1.88E-09 Sobic.003G018000 downstream 
   
3 7 227 095 KNU 2012 1 UIMiscanthus008958 6.80E-07 Sobic.003G084100 CDS 
   
3 51 321 773 NEF 2012 2 UIMiscanthus118370 1.02E-37 Sobic.003G191750 0.01 Mb downstream AT4G36020 cold shock domain protein 1 CSDP1 
3 64 085 542 HU 2012 2 UIMiscanthus118371 3.26E-07 Sobic.003G312550 downstream 
   
3 66 638 290 NEF 2012 2 UIMiscanthus118372 1.31E-31 Sobic.003G345100 5' UTR AT3G11180 
2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase 
 
3 67 125 342 HU 2012 2 UIMiscanthus017647 7.85E-16 Sobic.003G352200 CDS AT5G02320 myb domain protein 3r-5 ATMYB3R5, MYB3R-5 
3 72 078 520 KNU 2012 2 UIMiscanthus019389 5.05E-45 Sobic.003G413600 upstream AT4G13420 high affinity K+ transporter 5 ATHAK5, HAK5 
4 446 677 UI 2013 1 UIMiscanthus096439 2.23E-13 Sobic.004G005200 CDS AT1G33230 TMPIT-like protein 
 
4 3 252 258 CSU 2013 1 UIMiscanthus118373 5.22E-50 Sobic.004G039500 upstream AT4G01070 UDP-Glycosyltransferase GT72B1, UGT72B1 
4 3 460 776 UI 2012 1 UIMiscanthus091689 1.45E-07 Sobic.004G042100 downstream AT5G24870 RING/U-box superfamily protein 
 
4 5 948 390 CSU 2013 1 UIMiscanthus100262 1.29E-20 Sobic.004G073500 CDS AT3G28345 ABC transporter family protein 
 
4 7 436 056 CSU 2013 1 UIMiscanthus118374 8.83E-30 Sobic.004G087800 CDS AT1G15520 pleiotropic drug resistance 12 
ABCG40, ATABCG40, 
ATPDR12, PDR12 
4 59 577 953 CSU 2012 2 UIMiscanthus005328 8.42E-06 Sobic.004G248700 3' UTR AT5G16600 myb domain protein 43 AtMYB43, MYB43 
4 62 207 466 NEF 2012 1 UIMiscanthus022071 9.25E-07 Sobic.004G279300 CDS AT5G37260 Homeodomain-like protein CIR1, RVE2 
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Table 3.13 (cont.) 
Chr.† Position‡ Trial¶ 
Wint
erǂ Miscanthus SNP§ P valueɸ 
Nearest S. bicolor 
gene 
Position relative to 
the geneΓ 
Arabidopsis 
gene Gene ontology Gene symbol 
4 62 602 070 KNU 2012 2 UIMiscanthus021451 1.15E-49 Sobic.004G283800 CDS AT4G00750 
S-adenosyl-L-methionine-dependent 
methyltransferases  
4 62 928 690 KNU 2012 2 UIMiscanthus016552 1.13E-95 Sobic.004G286600 0.02 Mb downstream AT1G20440 cold-regulated 47, dehydrin COR47 
4 65 644 782 KNU 2012 1 UIMiscanthus107624 1.74E-06 Sobic.004G321400 upstream AT3G18730 
tetratricopeptide repeat (TPR)-
containing protein BRU1, MGO3, TSK 
6 3 007 286 HU 2012 2 UIMiscanthus107102 8.16E-17 Sobic.006G018100 
In the gene, near 5' 
UTR AT3G05950 RmlC-like cupins superfamily protein 
 
6 46 253 326 NEF 2012 1 UIMiscanthus014960 1.37E-09 Sobic.006G092300 CDS AT5G10970 C2H2 and C2HC zinc fingers 
 
6 49 249 029 HU 2012 2 UIMiscanthus118375 5.04E-09 Sobic.006G127500 upstream AT3G22320 
Eukaryotic rpb5 RNA polymerase 
subunit 
ATRPABC24.3, 
NRPB5, NRPD5, 
RPB5A 
6 58 727 756 HU 2012 2 UIMiscanthus116154 8.25E-14 Sobic.006G247700 downstream AT1G02065 
squamosa promoter binding protein-
like 8 SPL8 
6 59 583 985 CSU 2012 1 UIMiscanthus018713 8.99E-08 Sobic.006G260800 CDS AT5G04490 vitamin E pathway gene 5 VTE5 
7 1 678 335 HU 2012 2 UIMiscanthus110730 1.87E-08 Sobic.007G018100 downstream AT2G46770 
NAC (No Apical Meristem) domain 
transcriptional regulator 
ANAC043, EMB2301, 
NST1 
7 61 432 860 KNU 2012 2 UIMiscanthus118376 2.08E-77 Sobic.007G181100 upstream AT5G19700 MATE efflux family protein 
 
8 255 984 UI 2013 1 UIMiscanthus010426 4.79E-06 Sobic.008G002950 CDS 
   
8 2 549 936 CSU 2012 2 UIMiscanthus097991 6.98E-12 Sobic.008G028600 downstream AT2G40750 WRKY DNA-binding protein 54 ATWRKY54, WRKY54 
9 44 647 057 NEF 2012 2 UIMiscanthus118377 2.42E-37 Sobic.009G111000 5' UTR AT4G02330 
Plant invertase/pectin methylesterase 
inhibitor ATPMEPCRB 
9 57 313 789 CSU 2013 1 UIMiscanthus012595 4.99E-09 Sobic.009G234500 0.07 Mb upstream AT1G29390 
cold regulated 314 thylakoid 
membrane 2 COR314 
10 1 280 469 CSU 2012 2 UIMiscanthus012279 1.32E-24 Sobic.010G016100 CDS AT2G21480 Malectin/receptor-like protein kinase 
 
10 6 194 258 KNU 2013 1 UIMiscanthus118378 8.99E-09 Sobic.010G075500 upstream 
   
10 44 512 735 CSU 2013 1 UIMiscanthus118379 5.96E-72 Sobic.010G152900 CDS AT5G64570 beta-D-xylosidase 4 ATBXL4, XYL4 
10 49 849 126 CSU 2012 1 UIMiscanthus118380 2.17E-06 Sobic.010G168900 downstream AT2G19600 K+ efflux antiporter 4 ATKEA4, KEA4 
U  NEF 2012 2 UIMiscanthus007416 1.88E-17      
U  NEF 2012 2 UIMiscanthus025782 6.40E-30      
U  CSU 2013 1 UIMiscanthus005853 5.91E-52      
U  HU 2012 2 UIMiscanthus009034 3.90E-08      
U  KNU 2013 1 UIMiscanthus025992 4.18E-12      
U  KNU2012 1 UIMiscanthus001453 1.27E-10      
U  NEF 2012 1 UIMiscanthus012849 8.17E-09      
U  KNU 2012 2 UIMiscanthus016292 6.16E-127      
U  UI 2013 1 UIMiscanthus020970 4.30E-14      
U  UI 2013 1 UIMiscanthus101153 2.89E-08      
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Table 3.13 (cont.) 
Chr.† Position‡ Trial¶ 
Wint
erǂ Miscanthus SNP§ P valueɸ 
Nearest S. bicolor 
gene 
Position relative to 
the geneΓ 
Arabidopsis 
gene Gene ontology Gene symbol 
U  KNU 2013 1 UIMiscanthus101527 6.02E-12      
U  KNU 2012 2 UIMiscanthus102803 2.25E-09      
U  HU 2012 2 UIMiscanthus111354 3.57E-08      
U  CSU2013 1 UIMiscanthus111993 2.89E-17      
U  CSU2012 2 UIMiscanthus116202 7.80E-08      
U  CSU 2013 1 UIMiscanthus118381 1.97E-10      
U  KNU 2013 2 UIMiscanthus118382 8.34E-08      
U  KNU 2012 2 UIMiscanthus118383 1.36E-99      
U  NEF 2012 1 UIMiscanthus118384 1.48E-08      
U  NEF 2012 1 UIMiscanthus118385 9.21E-08      
U  NEF 2012 1 UIMiscanthus118386 9.72E-20      
U  KNU 2012 1 UIMiscanthus118387 6.30E-07      
U  KNU 2013 1 UIMiscanthus118387 3.37E-09      
U  KNU 2013 2 UIMiscanthus118388 1.01E-08      
U  NEF 2012 1 UIMiscanthus118389 2.09E-11      
U  NEF 2012 1 UIMiscanthus118390 8.59E-12      
U  KNU 2013 2 UIMiscanthus118391 4.69E-13      
U  KNU2013 1 UIMiscanthus118392 7.47E-09      
U  KNU2013 2 UIMiscanthus118393 7.22E-15      
U  CSU2013 1 UIMiscanthus118394 1.60E-07      
U  HU2012. 1 UIMiscanthus118395 7.67E-14      
U  CSU2012 2 UIMiscanthus118396 1.95E-18      
†Sorghum bicolor 3.0 chromosome to which the marker was aligned. ‘U’ indicates marker was not aligned against S. bicolor genome. 
‡S. bicolor 3.0 chromosome position to which the marker was aligned. 
¶Trial, field trial location and associated establishment year. 
ǂWinter, first and second winter post field trial establishment. 
§Miscanthus SNP, significant marker-trait associations detected for overwintering ability. 
ɸP value, significance of marker-trait associations detected using multi-locus mixed model (MLMM). 
ΓCDS: coding domain sequence; UTR: untranslated region. 
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Table 3.14 Analyses of variance, testing effects of genotype, location and genotype by location 
interaction on overwintering ability (proportion survival) and plant hardiness (ratio of number of 
new tillers in May of 2014 relative to number of tillers at the end of the 2013 growing season, 
expressed as a percentage) during the first winter at three US field trial locations for 13 
Miscanthus ×giganteus genotypes (Expt 3). Field trials were planted in spring 2013 at Urbana, IL 
(May 13-14), Dixon Springs, IL (May 21) and Jonesboro, AR (May 1). The winter of 2013-2014 
was especially cold in the northern US Midwest, with minimum air temperatures of -25.3 C, -
17.3 C, and -13.4 C at Urbana, Dixon Springs, and Jonesboro, respectively.  
Trait Term DF Mean squares F value Pr (>F) 
Overwintering ability Genotype 12 0.06 7.34 <0.001 
 Location 2 0.16 20.59 <0.001 
 Genotype × Location 21 0.04 4.70 <0.001 
 Residual 108 0.01   
Hardiness score Genotype 12 1830 6.65 <0.001 
 Location 1 50308 182.74 <0.001 
 Genotype × Location 12 1690 6.14 <0.001 
 Residual 77 275   
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Table 3.15 Least square means for overwintering ability (OWA; proportion survival) and plant 
hardiness (ratio of number of new tillers in May of 2014 relative to number of tillers at the end of 
the 2013 growing season, expressed as a percentage) and their associated standard error during 
the first winter at three US field trial locations (Expt 3; Urbana, IL; Dixon Springs, IL; 
Jonesboro, AR) for fifteen Miscanthus genotypes. Field trials were planted in spring 2013 at 
Urbana, IL (May 13-14), Dixon Springs, IL (May 21) and Jonesboro, AR (May 1). The winter of 
2013-2014 was especially cold in the northern US Midwest, with minimum air temperatures of -
25.3 C, -17.3 C, and -13.4 C at Urbana, Dixon Springs, and Jonesboro, respectively. 
Entry 
Urbana, IL  Dixon Springs, IL  Jonesboro, AR 
OWA (Prpn) Hardiness (%) 
 
OWA (Prpn) 
Hardiness 
(%) 
 
OWA (Prpn) 
Mean SE Mean SE  Mean SE Mean SE  Mean SE 
M. ×giganteus ‘1993-1780’ 0.71  0.107 25   1.00 0.000 98 1.3  0.99 0.008 
M. ×giganteus ‘Nagara’ 1.00 0.000 100 0.2  1.00 0.000 100 0.0    
M. ×giganteus ‘Ogi63’ 0.39 0.208 4 2.7  1.00 0.000 96 3.0    
M. ×giganteus ‘Ogi79’ 0.90 0.059 29 12.6  1.00 0.000 99 0.0  0.98 0.015 
M. ×giganteus ‘Ogi80’ 1.00 0.000 67 6.3  1.00 0.000 100 0.0  1.00 0.000 
M. ×giganteus ‘PF1-1’ 0.94 0.013 32 11.0  1.00 0.000 100 0.0  1.00 0.000 
M. ×giganteus ‘PF1-2’ 0.97 0.022 39 15.5  0.99 0.008 98 1.6  1.00 0.000 
M. ×giganteus ‘PF1-3’ 0.80 0.081 40 18.8  1.00 0.000 100 0.0    
M. ×giganteus ‘PF1-7’ 0.95 0.030 50 18.4  1.00 0.000 100 0.0  1.00 0.000 
M. ×giganteus ‘10UI-032.001’ 1.00 0.000 84 9.2  1.00 0.000 100 0.0  1.00 0.000 
M. ×giganteus ‘10UI-032.002’ 1.00 0.000 84 8.3  1.00 0.000 99 0.7  1.00 0.000 
M. ×giganteus ‘10UI-032.003’ 0.93 0.060 61 15.3  1.00 0.000 100 0.5  1.00 0.000 
M. ×giganteus ‘10UI-032.004’ 1.00 0.000 97 2.9  1.00 0.000 100 0.0  1.00 0.000 
M. sacchariflorus 4x ‘Bluemel’ 1.00 0.000 100   1.00 0.000 99 0.6  0.99 0.008 
M. sinensis ‘Cabaret’ 0.13 0.133 1 1.0  0.95 0.032 83 10.8  1.00 0.000 
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Table 3.16 Candidate genes associated in QTLs detected via joint-population analyses of three interconnected diploid F1 Miscanthus 
populations (Expt 1; MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ 
× M. sinensis ‘Silberturm‘ (n = 243); MapC: M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), established in a 
field trial with three clonal replications at Urbana, IL in 2011. Traits include spring regrowth date (SR), autumn dormancy date 
(ADD), growing days (GD), autumn frost damage (AFD), hardiness scores (ratio of number of new tillers in spring of 2014 relative to 
number of tillers at the end of the 2013 growing season, expressed as a percentage) in May (MH) and June (JH), vigor scores (1-9 
scale) in May (MVg) and June (JVg), and overwintering ability (OWA; proportion survival). The winter of 2013-2014 was especially 
cold in Urbana, IL, with a minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 and a minimum air temperature of -25.3 
C on 7 February 2014. 
Trait Year Miscanthus SNP LG 
Position 
(cM) 
Left 
(cM) 
Right 
(cM) Sorghum gene Arabidopsis gene 
Arabidopsis gene 
symbol Gene ontology 
SR 2013 UIMiscanthus072820 4 40.52 23.4 44.4 Sobic.002G361500 AT4G37390 
AUR3, BRU6, GH3-
2, GH3.2, YDK1 
Auxin-responsive GH3 family 
protein 
ADD 2013 UIMiscanthus086572 1 120.9 
109.
7 132.0     
ADD 2013 UIMiscanthus081054 3 64.98 53.5 91.2 Sobic.002G274800 AT4G22920 ATNYE1, NYE1 non-yellowing 1 
ADD 2013 UIMiscanthus063021 4 67.9 55.6 82.7 Sobic.002G320200 AT5G36110 CYP716A1 
cytochrome P450, family 716, 
subfamily A, polypeptide 1 
ADD 2013 UIMiscanthus075716 6 70.99 47.7 87.1 Sobic.003G272200 AT2G46510 AIB, ATAIB 
ABA-inducible BHLH-type 
transcription factor 
ADD 2013 UIMiscanthus081770 7 61.64 59.5 71.4 Sobic.007G003500 AT3G26300 CYP71B34 
cytochrome P450, family 71, 
subfamily B, polypeptide 34 
ADD 2013 UIMiscanthus083491 8 32.63 13.4 48.4 Sobic.004G188400 AT4G08920 
ATCRY1, BLU1, 
CRY1, HY4, OOP2 cryptochrome 1 
ADD 2013 UIMiscanthus088390 9 80.4 59.8 100.9 
    
ADD 2013 UIMiscanthus082668 10 31.0 25.4 36.5 
    
ADD 2013 UIMiscanthus085437 12 77.58 70.1 92.3 Sobic.006G245500 AT5G57390 AIL5, CHO1, EMK AINTEGUMENTA-like 5 
ADD 2013 UIMiscanthus002312 13 51.3 34.6 68.0 
    
ADD 2013 UIMiscanthus001120 14 47.6 35.1 60.2 
    
ADD 2013 UIMiscanthus061268 17 63.69 56.7 82.0 Sobic.009G183800 AT1G79320 AtMC6, MC6 metacaspase 6 
ADD 2013 UIMiscanthus071035 18 26.5 14.7 38.2 
    
ADD 2013 UIMiscanthus040489 19 96.2 87.6 104.8 
    
GD 2013 UIMiscanthus020369 1 117.9 
104.
8 130.9 
    
GD 2013 UIMiscanthus081770 7 61.64 59.2 71.7 Sobic.007G003500 AT3G26300 CYP71B34 
cytochrome P450, family 71, 
subfamily B, polypeptide 34 
GD 2013 UIMiscanthus082668 10 31.0 20.7 41.3 
    
158 
 
Table 3.16 (cont.) 
Trait Year Miscanthus SNP LG 
Position 
(cM) 
Left 
(cM) 
Right 
(cM) Sorghum gene Arabidopsis gene 
Arabidopsis gene 
symbol Gene ontology 
GD 2013 UIMiscanthus085437 12 77.58 69.7 92.6 Sobic.006G245500 AT5G57390 AIL5, CHO1, EMK AINTEGUMENTA-like 5 
GD 2013 UIMiscanthus002312 13 51.3 40.3 62.3 
    
GD 2013 UIMiscanthus061268 17 63.69 59.7 79.0 Sobic.009G183800 AT1G79320 AtMC6, MC6 metacaspase 6 
GD 2013 UIMiscanthus074528 18 26.7 15.5 37.9 
    
GD 2013 UIMiscanthus040489 19 96.2 86.8 105.6 
    
AFD 2013 UIMiscanthus072864 3 24.9 11.9 37.8     
AFD 2013 UIMiscanthus082668 10 31.0 28.2 33.8     
AFD 2013 UIMiscanthus070347 14 51.1 38.9 63.3     
AFD 2013 UIMiscanthus002604 16 41.21 27.8 46.2 Sobic.009G183900 AT1G79320 AtMC6, MC6 metacaspase 6 
MH 2014 UIMiscanthus060389 4 59.52 45.2 67.8 Sobic.002G292300 AT2G22410 SLO1 SLOW GROWTH 1 
MH 2014 UIMiscanthus082668 10 31.0 28.4 33.5     
MH 2014 UIMiscanthus001639 11 49.6 42.5 71.2 Sobic.006G188900 AT1G21450 SCL1 SCARECROW-like 1 
MH 2014 UIMiscanthus056112 19 89.4 76.8 102.0     
JH 2014 UIMiscanthus000815 1 55.9 48.7 63.1 
    
JH 2014 UIMiscanthus002771 1 108.33 94.3 117.4 Sobic.001G431500 AT5G16080 AtCXE17, CXE17 carboxylesterase 17 
JH 2014 UIMiscanthus001689 2 17.6 4.9 30.2 
    
JH 2014 UIMiscanthus081054 3 64.98 52.1 79.7 Sobic.002G274800 AT4G22920 ATNYE1, NYE1 non-yellowing 1 
JH 2014 UIMiscanthus090014 4 89.8 83.1 96.4 
    
JH 2014 UIMiscanthus084022 5 12.2 0.0 25.5 
    
JH 2014 UIMiscanthus088409 6 86.0 78.4 93.6 
    
MVg 2014 UIMiscanthus060389 4 59.52 42.4 62.2 Sobic.002G292300 AT2G22410 SLO1 SLOW GROWTH 1 
MVg 2014 UIMiscanthus082668 10 31.0 29.7 32.2     
MVg 2014 UIMiscanthus001639 11 49.6 44.3 60.2 Sobic.006G188900 AT1G21450 SCL1 SCARECROW-like 1 
MVg 2014 UIMiscanthus067530 13 43.9 32.9 54.9     
JVg 2014 UIMiscanthus082668 10 31.0 24.8 37.1     
OWA 2014 UIMiscanthus002771 1 108.3 99.3 112.4 Sobic.001G431500 AT5G16080 AtCXE17, CXE17 carboxylesterase 17 
OWA 2014 UIMiscanthus088721 4 80.4 62.8 81.8 Sobic.002G351400 AT4G11650 ATOSM34, OSM34 osmotin 34 
OWA 2014 UIMiscanthus048841 6 61.5 54.2 75.1 Sobic.003G237201 AT1G14920 GAI, RGA2 GRAS family transcription factor 
OWA 2014 UIMiscanthus064552 8 66.1 55.9 76.4 Sobic.004G286600 AT1G20440.1 COR47 cold-regulated 47 
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Table 3.16 (cont.) 
Trait Year Miscanthus SNP LG 
Position 
(cM) 
Left 
(cM) 
Right 
(cM) Sorghum gene Arabidopsis gene 
Arabidopsis gene 
symbol Gene ontology 
OWA 2014 UIMiscanthus086485 9 51.3 43.0 66.0 Sobic.005G103000 AT2G31230 ATERF15, ERF15 
ethylene-responsive element 
binding factor 15 
OWA 2014 UIMiscanthus036875 11 29.4 13.4 45.3 Sobic.006G098300 AT3G48700.1 ATCXE13, CXE13 carboxylesterase 13 
OWA 2014 UIMiscanthus011134 15 0.0 0.0 10.7 
    
OWA 2014 
UIMiscanthus069232 
UIMiscanthus065906 15 
39.3 
41.2 28.6 48.0 
Sobic.008G029400 
Sobic.008G030600 
AT2G46400 
AT5G59320 
WRKY46 
LTP3 
WRKY DNA-binding protein 46 
lipid transfer protein 3 
OWA 2014 UIMiscanthus012370 18 85.2 72.3 98.1 
    LG = linkage group.
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Table 3.17 Candidate genes of QTLs detected via single-population analyses across three interconnected populations (Expt 1; MapA: 
M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘ 
(n = 243); MapC: M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), established in a field trial with three clonal 
replications at Urbana, IL in 2011. Traits include spring regrowth date (SR), autumn dormancy date (ADD), growing days (GD), 
autumn frost damage (AFD), hardiness scores (ratio of number of new tillers in spring of 2014 relative to number of tillers at the end 
of the 2013 growing season, expressed as a percentage) in May (MH) and June (JH), vigor scores (1-9 scale) in May (MVg) and June 
(JVg), and overwintering ability (OWA; proportion survival). The winter of 2013-2014 was especially cold in Urbana, IL, with a 
minimum soil temperature at 10 cm of -6.2 C on 29 January 2014 and a minimum air temperature of -25.3 C on 7 February 2014. 
Popul
ation Trait Year Miscanthus Marker LG 
Positio
n (cM) 
Left 
Bound 
(cM) 
Right 
Bound 
(cM) Sorghum gene 
Arabidopsis 
gene 
Arabidopsis 
gene symbol Gene ontology 
MapA SR 2013 UIMiscanthus085936 10 38.2 22.6 39.4 Sobic.006G208300 AT2G24400  
SAUR-like auxin-responsive protein 
family  
MapA SR 2013 UIMiscanthus074318 14 69.6 54.5 86.4 Sobic.008G168400 AT2G01570 RGA, RGA1 
GRAS family transcription factor family 
protein 
MapA ADD 2013 UIMiscanthus081770 7 61.6 54.3 76.6 Sobic.007G003500 AT3G26300 CYP71B34 
cytochrome P450, family 71, subfamily 
B, polypeptide 34 
MapA ADD 2013 UIMiscanthus082668 10 31.0 17.4 44.5 
    
MapA ADD 2013 UIMiscanthus085437 12 77.6 58.6 103.7 Sobic.006G245500 AT5G57390 
AIL5, CHO1, 
EMK AINTEGUMENTA-like 5 
MapA ADD 2013 UIMiscanthus002312 13 51.3 34.7 67.9 
    
MapA ADD 2013 UIMiscanthus061268 17 63.7 49.3 89.5 Sobic.009G183800 AT1G79320 AtMC6, MC6 metacaspase 6 
MapA ADD 2013 UIMiscanthus002120 18 53.0 30.1 75.9 
    
MapA ADD 2013 UIMiscanthus040489 19 96.2 79.4 113.0 
    
MapA GD 2013 UIMiscanthus081770 7 61.6 53.0 77.9 Sobic.007G003500 AT3G26300 CYP71B34 
cytochrome P450, family 71, subfamily 
B, polypeptide 34 
MapA GD 2013 UIMiscanthus082668 10 31.0 14.5 47.4 
    
MapA GD 2013 UIMiscanthus085437 12 77.6 60.6 101.7 Sobic.006G245500 AT5G57390 
AIL5, CHO1, 
EMK AINTEGUMENTA-like 5 
MapA GD 2013 UIMiscanthus002312 13 51.3 33.0 69.6 
    
MapA GD 2013 UIMiscanthus061268 17 63.7 50.9 87.8 Sobic.009G183800 AT1G79320 AtMC6, MC6 metacaspase 6 
MapA GD 2013 UIMiscanthus071035 18 26.5 4.2 48.7 
    
MapA GD 2013 UIMiscanthus040489 19 96.2 78.4 113.9 
    
MapA AFD 2013 UIMiscanthus082668 10 31.0 28.1 33.8    
MapA AFD 2013 UIMiscanthus017789 13 74.7 53.1 96.4     
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Table 3.17 (cont.) 
Popul
ation Trait Year Miscanthus Marker LG 
Positio
n (cM) 
Left 
Bound 
(cM) 
Right 
Bound 
(cM) Sorghum gene 
Arabidopsis 
gene 
Arabidopsis 
gene symbol Gene ontology 
MapA MVg 2014 UIMiscanthus060389 4 59.5 32.6 72.0 Sobic.002G292300 AT2G22410 SLO1 SLOW GROWTH 1 
MapA MVg 2014 UIMiscanthus082668 10 31.0 28.5 33.4 
    
MapA MVg 2014 UIMiscanthus001639 11 49.6 36.7 67.8 Sobic.006G188900 AT1G21450 SCL1 SCARECROW-like 1 
MapA MVg 2014 UIMiscanthus002644 13 42.7 21.4 64.0 
    
MapA JVg 2014 UIMiscanthus082668 10 31.0 27.1 34.8 
    
MapA MH 2014 UIMiscanthus060389 4 59.5 38.8 74.2 Sobic.002G292300 AT2G22410 SLO1 SLOW GROWTH 1 
MapA MH 2014 UIMiscanthus082668 10 31.0 26.6 35.3 
    
MapA MH 2014 UIMiscanthus056112 19 89.4 70.0 108.8 
    
MapB ADD 2013 UIMiscanthus075716 6 71.0 60.8 89.9 Sobic.003G272200 AT2G46510 AIB, ATAIB 
ABA-inducible BHLH-type 
transcription factor 
MapB ADD 2013 UIMiscanthus073185 14 16.2 0.3 32.0 
    
MapB ADD 2013 UIMiscanthus061798 18 22.4 7.4 37.4 
    
MapB ADD 2013 UIMiscanthus012804 14 6.9 1.8 30.5 Sobic.008G012700 AT1G50420 SCL-3, SCL3 scarecrow-like 3 
MapB AFD 2013 UIMiscanthus076597 16 67.3 60.2 84.3 Sobic.009G184500 AT3G12490 
ATCYSB, 
CYSB cystatin B 
MapB MH 2014 UIMiscanthus069938 14 35.7 23.5 52.4 Sobic.008G063500 AT5G64040 PSAN 
photosystem I reaction center subunit 
PSI-N, chloroplast, putative / PSI-N, 
putative (PSAN) 
MapB JH 2014 UIMiscanthus002771 1 108.3 87.2 124.5 Sobic.001G431500 AT5G16080 
AtCXE17, 
CXE17 carboxylesterase 17 
MapB JH 2014 UIMiscanthus088721 4 80.4 77.5 102.0 Sobic.002G351400 AT4G11650 
ATOSM34, 
OSM34 osmotin 34 
MapB JH 2014 UIMiscanthus081307 6 90.5 69.5 102.5 Sobic.003G228300 AT3G14680 CYP72A14 
cytochrome P450, family 72, subfamily 
A, polypeptide 14 
MapB OWA 2014 UIMiscanthus086485 9 51.3 39.7 69.3 Sobic.005G103000 AT2G31230 
ATERF15, 
ERF15 
ethylene-responsive element binding 
factor 15 
MapC ADD 2013 UIMiscanthus014302 2 91.2 90.3 104.7 Sobic.001G389000 AT4G11070 
AtWRKY41, 
WRKY41 WRKY family transcription factor 
MapC JH 2014 UIMiscanthus082114 1 57.61 42.3 69.6 Sobic.001G090700 AT1G05385 
LPA19, 
Psb27-H1 photosystem II 11 kDa protein-related 
MapC OWA 2014 UIMiscanthus002771 1 108.3 94.3 117.4 Sobic.001G431500 AT5G16080 
AtCXE17, 
CXE17 carboxylesterase 17 
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Fig. 3.1 Spring 2014 regrowth (year 4) of four parents of the three interconnected populations 
(Expt 1; MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: 
M. sinensis ‘Cosmopolitan‘ × M. sinensis ‘Silberturm‘ (n = 243); MapC: M. sinensis ‘November 
Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n = 128)), and the high-yielding control, M. ×giganteus 
‘1993-1780’, established in a field trial with three clonal replications at Urbana, IL in 2011. The 
winter of 2013-2014 was unusually cold, with a minimum soil temperature at 10 cm of -6.2 C 
on 29 January 2014 and a minimum air temperature of -25.3 C on 7 February 2014 recorded in 
Urbana, IL. Note that most of the progeny in MapA survived and grew vigorously, whereas 
progeny in MapB and MapC were severely damaged and died. Photos were taken on May 19, 
2014.  
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Fig. 3.2 Distributions of nine adaptation traits (trait bins on x-axis, counts on y-axis) in three 
interconnected diploid F1 Miscanthus populations (Expt 1; MapA: M. sacchariflorus ‘Robustus‘ 
× M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis ‘Cosmopolitan‘ × M. sinensis 
‘Silberturm‘ (n = 243); MapC: M. sinensis ‘November Sunset‘ × M. sinensis ‘Cosmopolitan‘ (n 
= 128)), their parents, and the high-yielding control, M. ×giganteus ‘1993-1780’, established in a 
field trial with three clonal replications at Urbana, IL in 2011. Four traits including spring 
regrowth date, autumn dormancy date, growing days, and autumn frost damage were phenotyped 
in 2013. The remaining five traits: plant hardiness, plant vigor in both May and June, and 
overwintering ability were phenotyped in 2014 were measures of winter-hardiness of established 
year-3 plants. The winter of 2013-2014 was unusually cold, with a minimum soil temperature at 
10 cm of -6.2 C on 29 January 2014 and a minimum air temperature of -25.3 C on 7 February 
2014 recorded in Urbana, IL. 
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Fig. 3.3 Chromosomal locations of QTLs identified in each of three single-population analyses 
and one joint-population (JP) analyses. 
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Fig. 3.4 Comparisons of QTLs identified in single-population analyses and joint-population 
analyses. Phenotypic data were from three diploid F1 Miscanthus populations (Expt 1; MapA: M. 
sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘ (n = 281); MapB: M. sinensis 
‘Cosmopolitan‘× M. sinensis ‘Silberturm‘ (n = 243); MapC: M. sinensis ‘November Sunset‘× M. 
sinensis ‘Cosmopolitan‘ (n = 128)) established in a field trial with three clonal replications at 
Urbana, IL in 2011. Nine traits were included in QTL analyses. Four traits, including spring 
regrowth date, autumn dormancy date, growing days, and autumn frost damage were phenotyped 
in 2013, and the remaining five traits, May and June plant hardiness scores (ratio of number of 
new tillers in spring of 2014 relative to number of tillers at the end of the 2013 growing season, 
expressed as a percentage), plant vigor in both May and June, and overwintering ability 
(proportion survival), were phenotyped in 2014. Inside the Venn diagram, numbers of QTLs that 
were unique to single-population analyses and joint-population analyses, and number of QTLs 
that were shared by two methods are shown. Summary at the bottom indicates, for each analysis 
method, the average QTL confidence interval and associated standard error for the 31 QTLs in 
common, and for all QTLs. 
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Fig. 3.5 Spring 2014 regrowth of Miscanthus accessions tested at five field trial locations (Expt 
2), with three in North America (University of Illinois at Urbana-Champaign = UI, Colorado 
State University = CSU, New Energy Farms in Leamington, Ontario = NEF) and two in Asia 
(Hokkaido University = HU and Kangwon National University = KNU). Field trials were 
established at each location in 2012, and three additional field trials were established at UI, CSU 
and KNU in 2013. (a) Photos of individual plants showing range of survival and hardiness in 
year 1 at Urbana field. M. sinensis (Msi) genotype names are colored based on DAPC groups 
determined in Clark et al. (2014, 2015). Msi ‘PMS-438’ is from Korea/N China group (red); Msi 
‘PMS-159’ is from Yangtze-Qinling group (darkgreen); Msi ‘NC-2010-002-001’ is from US 
naturalized populations group (yellow4); Mfl ‘NG77-022’ is from South-eastern China plus 
tropical group (purple); ‘Bluetenwunder’ is an Msi × Msa backcross hybrid and is from US 
ornamental cultivar (yellow3), and Msi ‘Haiku’ is a pure M. sinensis ornamental cultivar 
(yellow3). Latitude of origin of genotype is shown as available. The control genotype M×g 
‘1993-1780’ and one M. sacchariflorus genotype ‘PMS-075’ are also shown for comparison. (b) 
Overview photo of UI, NEF, HU, KNU fields. CSU field locations is not shown due to lack of 
photos. Note that severe planting losses happened in UI field trial. 
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Fig. 3.6 First winter overwintering ability (OWA) and percentage of desirable alleles of each 
Miscanthus sinensis accession. Genotypes are shown by DAPC groups (Clark et al., 2014, 2015). 
Seven genetic groups included US naturalized populations (yellow4), Southern Japan (yellow), 
Northern Japan (blue), Korea/N China (red), Sichuan Basin (orange), Yangtze-Qinling 
(darkgreen), and South-eastern China plus tropical (purple) are shown. The additional US 
ornamental genetic group is not shown due to lack of geographical source information. (A) Least 
square means of first winter overwintering ability of each M. sinensis accession across field 
trials. Note that high latitude genotypes generally have higher overwintering ability that those 
from low latitude. The insect regression plot shows a strong association between first winter 
OWA and latitude of origin. (B). Percentage of desirable alleles across the 73 markers detected 
for OWA in each M. sinensis genotype. Note that high latitude genotypes generally have higher 
percentage of desirable alleles than those from low latitude. The inset regression plot shows a 
strong association between percentage of desirable alleles and latitude of origin. (C) Linear 
regression plot of M. sinensis estimated first winter OWA based on allelic effects of 73 markers 
detected for OWA on the observed first winter OWA. A strong association between these two 
variables is observed (R
2
=0.56, P<0.001). (D). Linear regression plot of M. sinensis first winter 
OWA LSmeans on the hardiness zone of its origin. A strong association between these two 
variables is observed (R
2
=0.34, P<0.001). (E) Linear regression plot of M. sinensis desirable 
allele percentage on the hardiness zone of its origin. A strong association between these two 
variables is observed (R
2
=0.27, P<0.001) 
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Fig. 3.7 Boxplots of overwintering ability during the first winter (establishment year) and second 
winter for a Miscanthus sinensis diversity panel at each of five field trial locations (Expt 2).  
169 
 
 
Fig. 3.8 Environmental conditions during multi-year evaluations at five field trial locations of a 
Miscanthus sinensis diversity panel (Expt 2). These five locations included three in North 
America (University of Illinois at Urbana-Champaign = UI, Colorado State University = CSU, 
New Energy Farms in Leamington, Ontario = NEF) and two in Asia (Hokkaido University = HU 
and Kangwon National University = KNU). Planting date at each location was highlighted using 
dashed vertical blue lines. Red lines indicate daily average air temperature in °C, black lines 
represent daily precipitation in mm, grey shaded areas indicate when plants were dormant or 
field trial was not performed, and unshaded areas represent the growing season. Planting dates 
are indicated by vertical, dashed blue lines (UI, CSU, and KNU had two trials planted in 
consecutive years).  For CSU trials, irrigation was applied as indicated by cyan solid bars. 
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Fig. 3.9 Manhattan plots of genome-wide associations for overwintering ability during the first 
winter (establishment year) and second winter for a Miscanthus sinensis diversity panel at each 
of five field trial locations (Expt 2). These five locations included three in North America 
(University of Illinois at Urbana-Champaign = UI, Colorado State University = CSU, New 
Energy Farms in Leamington, Ontario = NEF) and two in Asia (Hokkaido University = HU and 
Kangwon National University = KNU). Field trials were established at each location in the 
spring of 2012, and additional field trials were planted in 2013 at three locations (UI, CSU and 
KNU). Y-axis shows log-transformed P-values. X-axis shows position of Miscanthus markers 
aligned on the Sorghum bicolor 3.0 reference genome, and ‘U’ on the x-axis represents 
unaligned Miscanthus markers. The horizontal dashed line inside each Manhattan plot indicates 
the FDR corrected genome-wide threshold. Significant marker-trait associations are highlighted 
in red. The number of Miscanthus sinensis accessions in each location and year is indicated by n. 
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Fig. 3.10 Adaptation of new Miscanthus ×giganteus (M×g) hybrids during the first winter (2013-
2014) at three US field trial locations (Expt 3). (a) Environmental conditions at three field trial 
locations. Daily average (solid lines) and yearly minimum (dashed lines) air temperatures (black 
lines) and soil temperatures at 10 cm below ground (red lines) are shown in °C for each trial 
location from September 2013 to May 2014 (first autumn and winter after planting, and spring of 
year 2). Soil temperature data were not available for Jonesboro; (b) Boxplots for overwintering 
ability (proportion survival). The x-axis of each boxplot shows overwintering ability which 
ranges from 0 to 1, where 0 indicates plants failed to survive the winter and 1 means plants 
survived the winter; (c) Boxplots of plant hardiness score (ratio of number of new tillers in May 
of 2014 relative to number of tillers at the end of the 2013 growing season, expressed as a 
percentage). Boxes span from the first to third quartile for each group. Whiskers extend to the 
minimum and maximum values, or to the first and third quartile ± 1.5 times the box length, 
respectively, whichever is shorter. Points indicate genotypes with values outside the range 
spanned by the whiskers. 
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Fig. 3.11 Spring 2014 regrowth (year 2) of four Miscanthus ×giganteus (M×g) genotypes (M×g 
3x 1993-1780’, M×g 3x ’10UI-032-001’, M×g 3x ‘Nagara’, and M×g 4x ‘PF1-3’) planted in 
spring 2013 at Dixon Springs, IL and Urbana, IL (Expt 3). Each photo shows one plot, consisting 
of four rows of eight plants. The trial was a randomized complete block design with four 
replications per location. The winter of 2013-2014 was unusually cold, with a minimum soil 
temperature at 10 cm of -6.2 C on 29 January 2014 and a minimum air temperature of -25.3 C 
on 7 February 2014 recorded in Urbana, IL, but was warmer in Dixon Springs, which had a 
minimum soil temperature at 10 cm of -3.2 C on 29 January 2014 and a minimum air 
temperature of -17.3 C on 7 February 2014. At Dixon Springs, all four genotypes regrew 
vigorously in spring 2014, but in Urbana many plants of some entries did not survive the winter 
or regrew weakly with few shoots that were greatly delayed. Photos were taken on May 28, 2014 
at Dixon Springs (meter stick shown for scale) and on May 18, 2014 at Urbana (in Urbana, 
regrowth of Miscanthus typically starts in mid-April). 
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Fig. 3.12 Correspondence between QTLs for overwintering ability detected across three diploid 
F1 Miscanthus populations (Expt 1), and genome-wide associations (GWA) for overwintering 
ability in an M. sinensis diversity panel (Expt 2). Black dashed bars represent Miscanthus linkage 
groups (LGs), and blue bars represent S. bicolor (version 3.0) LGs. Orange lines represent 
corresponding genomic regions between Miscanthus and Sorghum bicolor. (a) A QTL 
Overwintering ability on Miscanthus LG 8 identified via genetic mapping in three interconnected 
biparental populations (purple bar) encompassed five marker-trait associations from the GWA 
analysis (black text). Text inside the parenthesis represents gene symbols. The cold tolerance 
gene COR47 (red text; previously identified by Puhakainen et al., 2004 in Arabidopsis) was 
located within this QTL, and was 0.02 Mb away from one GWA hit (UIMiscanthus016552). (b) 
A QTL for overwintering ability on Miscanthus LG 11 identified via genetic mapping in three 
diploid interconnected biparental populations (purple bar) corresponded to two marker-trait 
associations from the GWA analysis (black text). Three additional candidate genes (red text) 
including carboxylesterase 13 (CEX13), WRKY transcription factor (WRKY2), and cold shock 
domain protein 1 (CSDP1) were also located inside this QTL. 
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CHAPTER 4 
MANAGING FLOWERING TIME IN MISCANTHUS AND SUGARCANE TO 
FACILITATE INTRA AND INTERGENERIC CROSSES 
4.1 Abstract 
Miscanthus is a close relative of Saccharum and a potentially valuable genetic resource for 
improving sugarcane. Differences in flowering time within and between Miscanthus and 
Saccharum hinders intra- and interspecific hybridizations. A series of greenhouse experiments 
were conducted over three years to determine how to synchronize flowering time of Saccharum 
and Miscanthus genotypes. We found that day length was an important factor influencing when 
Miscanthus and Saccharum flowered. Sugarcane could be induced to flower in a central Illinois 
greenhouse using supplemental lighting to reduce the rate at which days shortened during the 
autumn and winter to 1 min d
-1
, which allowed us to synchronize the flowering of some 
sugarcane genotypes with Miscanthus genotypes primarily from low latitudes. In a 
complementary growth chamber experiment, we evaluated 33 Miscanthus genotypes, including 
28 M. sinensis, 2 M. floridulus, and 3 M. ×giganteus collected from 20.91° S to 44.92° N for 
response to three day lengths (10 h, 12.5 h, and 15 h). High latitude-adapted M. sinensis 
flowered mainly under 15 h days, but unexpectedly, short days resulted in short, stocky plants 
that did not flower; in some cases flag leaves developed under short days but heading did not 
occur. In contrast, for M. sinensis and M. floridulus from low latitudes, shorter day lengths 
typically resulted in earlier flowering, and for some low latitude genotypes, 15 h days resulted in 
no flowering. However, the highest ratio of reproductive shoots to total number of culms was 
typically observed for 12.5 h or 15 h days. Latitude of origin was significantly associated with 
culm length, and the shorter the days, the stronger the relationship. Nearly all entries achieved 
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maximal culm length under the 15 h treatment, but the nearer to the equator an accession 
originated, the less of a difference in culm length between the short day treatments and the 15 h 
day treatment. Under short days, short culms for high-latitude accessions was achieved by 
different physiological mechanisms for M. sinensis genetic groups from the mainland in 
comparison to those from Japan; for mainland accessions, the mechanism was reduced internode 
length, whereas for Japanese accessions the phyllochron under short days was greater than under 
long days. Thus, for M. sinensis, short days typically hastened floral induction, consistent with 
expectations for a facultative short-day plant. However, for high latitude accessions of M. 
sinensis, days less than 12.5 h also signaled that plants should prepare for winter by producing 
many short culms with limited elongation and development; moreover, this response was also 
epistatic to flowering. Thus, to flower M. sinensis that originates from high latitudes 
synchronously with sugarcane, the former needs day lengths >12.5 h (perhaps as high as 15 h), 
whereas the latter needs day lengths <12.5 h. 
4.2 Introduction 
Sugarcane is a genetically complex polyploid grass in the genus Saccharum, and it is a sister-
clade of Miscanthus. Approximately 80% of the world’s sugar production is from sugarcane 
(Saccharum hybrids) (Anonymous, 2014). Sugarcane is also among the world’s leading 
bioenergy crops, with Brazil being the largest producer of sugarcane (~1/3
rd
 of World production) 
and ethanol which is derived from fermentation of sugarcane juice (Cheavegatti-Gianotto et al., 
2011; Lam et al., 2009). In 2014 about 175.1 million metric tons of sugarcane were produced 
worldwide, which was more than four times higher than in 1965 (Anonymous, 2017). Sugarcane 
production is primarily limited to tropical environments or relatively warm subtropical locations 
because it is not adapted to temperate environments. In addition to Brazil, the leading producers 
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of sugarcane are India, China, Thailand and Pakistan. In the U.S, sugarcane is produced 
commercially only in southern Florida, Louisiana, Texas, and Hawaii. Over 32 million tons of 
sugarcane were produced in the U.S. in 2016 (Anonymous, 2017).  
Commercial sugarcane varieties are interspecific hybrids derived mostly from crosses 
between S. officinarum (the “noble cane”) and S. spontaneum, with introgression of abiotic and 
biotic stress tolerance traits from the latter species into the former by backcrossing. Improvement 
of sugarcane through genetic manipulation based on sexual crossing has been a directed, ongoing 
process since 1888 (Stevenson, 1965). Modern sugarcane breeding continues to rely on 
introgressions from S. spontaneum for biotic and abiotic stress resistance and for widening the 
genetic base of commercial cane germplasm. For example, attempts to introduce cold tolerance 
into commercial sugarcane cultivars have been made since 1935 by using S. spontaneum as a 
donor parent for introgression into commercial cane (Brandes, 1937; Irvine & Dunckelman, 
1971).  
The improvement of modern sugarcane has been based on only 13 clones used in initial 
crossings (Creste et al., 2014), resulting in a narrow genetic base for the crop (Bremer, 1961; 
Walker, 1987). Lu et al. (1994) revealed a very weak global structure among 40 cultivated 
sugarcane varieties, which was in agreement with the profuse exchanges of parental materials 
between sugarcane breeding stations. Wang et al. (2015) found that the 1,186 accessions in 
World Collection of Sugarcane and Related Grasses (WCSRG) were grouped into three clusters 
with all S. spontaneum in one cluster, S. officinarum and S. hybrids in a second cluster, and 
mostly non-Saccharum species in a third cluster. Deren (1995) reported that eighty-eight 
sugarcane cultivars from Florida, Louisiana and Texas could be traced back to seventeen original 
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ancestors. Consequently, Nair et al. (1999) concluded that the genetic base of modern sugarcane 
varieties was narrow and progress in current sugarcane breeding was limited. 
Miscanthus is a close relative to Saccharum and is potentially a valuable genetic resource 
for improving sugarcane (Chen & Lo, 1988; Lam et al., 2009; Głowacka et al., 2016). 
Additionally, Miscanthus is an emerging biomass crop (Heaton et al., 2008; Somerville et al., 
2010) and a longstanding ornamental crop in temperate areas of North America and Europe, 
though it is native to eastern Asia and Oceania from tropical to cold-temperate environments 
(Sacks et al., 2013). Kim et al. (2014) estimated that Saccharum and Miscanthus diverged 4.6 
million years ago (MYA). Miscanthus has multiple desirable traits that could be useful for 
sugarcane improvement, such as resistance to downy mildew (Peronosclerospora sacchari; 
Chen & Lo, 1988), culmicolus smut (Sporisorium scitamineum; Chen & Lo, 1988), lesion 
nematodes (Pratylenchus spp.; E. Sacks, personal communication), as well as tolerance to 
drought and cold (Lo et al., 1978). Miscanthus is also likely a source of resistance to ratoon stunt 
(Leifsonia xyli subsp. xyli) (J. Comstock, personal communication). Previously, the Taiwan 
Sugarcane Institute’s collection of over 120 Miscanthus clones were evaluated to select parents 
for resistance to culmicolus smut and downy mildew and then to introduce the resistance into 
sugarcane by intergeneric hybridization with sugarcane and subsequent backcrossing to 
sugarcane (Chen & Lo, 1988). Intergeneric crosses between Saccharum and Miscanthus 
genotypes have been reported (Li et al., 1948, 1953, 1961; Loh & Wu, 1949; Price, 1965; Chen 
& Lo, 1988; Chen et al., 2000; Grivet et al., 2006; Sharma et al. unpublished data; Tai et al., 
1991). The hybrids derived from crosses between Miscanthus and Saccharum have been named 
‘miscanes’ (Park et al., 2011).  
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Control of flowering time is important to plant breeders because it allows them to make 
crosses of their choosing. Constraints on which genotypes can be used as parents in crosses 
would be severe impediments to plant improvement. Synchronization of flowering time between 
sugarcane and Miscanthus is necessary for making intergeneric crosses between these two 
species, because, like most warm-season grasses, pollen of these two genera quickly loses 
viability within the first ~2 h of dehiscence under typical growing conditions (Sartoris, 1942; 
Krishnamurth, 1980; Zhao et al., 2009; Rounsaville et al., 2011). Moreover, because Saccharum 
and Miscanthus pollen is typically intolerant of desiccation, it is not readily stored frozen; thus, 
consistently effective and long-term pollen-storage methods have not yet been developed for 
these genera. M. sacchariflorus has been considered quantitative short-day plant (Jensen et al., 
2012), similar to sorghum and sugarcane. M. sinensis was described as day neutral by Deuter 
(2000), whereas Jensen et al. (2011) reported that flowering time in M. sinensis was more 
complicated, depending on multiple factors, including thermal time, temperature, photoperiod, 
and precipitation. In the field at Urbana, M. sacchariflorus flowers as early as July and as late as 
early November, whereas M. sinensis flowers from to late July to mid-October (Gifford et al., 
2015; Dong et al., 2017). In sugarcane, floral initiation is induced by a small decrease (30-60 sec 
per day) in day length from about 12.5 h (Berding, 1995; Moore & Nuss, 1987). The majority of 
sugarcane varieties need between 12 and 12.5 h of photoperiod in order to induce flowering 
(Daniels et al., 1967; Dunckelman, 1977; Julien, 1972). In our greenhouses at Urbana, Illinois, 
flowering of diverse Miscanthus accessions typically is greatest from August through October 
and again from March through June. For most sugarcane breeding programs in the U.S., peak 
flowering is in November and December. In central Illinois the rapid decrease in day length 
during the autumn is not conducive to flowering sugarcane plants in the greenhouse. Thus, it 
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would be desirable to develop methods to synchronize the flowering time of Miscanthus and 
Saccharum, thereby facilitating the introgression of desirable genes for improving sugarcane. 
Additionally, it would be advantageous to be able to better predict and control flowering time in 
Miscanthus so that we can more readily make crosses between different Miscanthus genotypes. 
In this study, we conducted one set of experiments to explore the feasibility of 
synchronizing flowering time of Saccharum and Miscanthus in a central Illinois (~40° N) 
greenhouse, and a complementary experiment in growth chambers to understanding how day 
length impacts flowering time and plant growth of M. sinensis. The objectives were: 1) to assess 
the diversity of flowering time for Miscanthus and Saccharum grown in a greenhouse where day 
length in autumn and winter is decreased by 1 min d
-1
, 2) to determine the effects of cultural 
treatments that we hypothesized could delay flowering time in Miscanthus, 3) to determine how 
day length in controlled environment chambers affects flowering time of M. sinensis accessions 
that originate from different latitudes. 
4.3 Materials and Methods  
Experiment 1: Flowering Time Management of Miscanthus and Sugarcane in A Greenhouse 
To determine how to synchronize the flowering of Miscanthus and Saccharum, a series of 
greenhouse experiments were conducted over three years (Expts. 1a-c). A key component of the 
study was to assess the diversity of flowering times within each genus, when plants were grown 
in a greenhouse at Urbana, IL under a photoperiod treatment that was expected to be conducive 
to flowering of sugarcane. We also evaluated cultural treatments that we hypothesized had the 
potential to delay flowering of Miscanthus, such as 4 °C cold storage to delay the start of growth, 
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cutting plants to 15 cm above the soil surface, and the combination of cutting followed by cold 1 
month of storage.  
A panel of 23 Miscanthus (Table 4.1) and 31 Saccharum accessions (Table 4.2) were 
studied. All plants were grown in a controlled-environment greenhouse at the University of 
Illinois Energy Farm at Urbana, IL (40°3‘57‘‘ N, 88°11‘43‘‘ W), located where there was no light 
pollution (e.g. from street lamps or buildings) that could interfere with the short day treatment 
required to flower sugarcane. When natural day length reached 12.5 h in Urbana (14 September 
in 2014, 2015, 2016), supplemental light (MH 1000W/U/BT37 metal halide bulbs, Venture 
Lighting, Twinsburg, OH, US) was provided to decrease the day length by 1 min d
-1
 until a 
photoperiod of 11 h d
-1
 was reached (13 December in 2014, 2015, 2016), at which point the day 
length was held constant until exceeded by the natural day length (22 February in 2014, 2015, 
2016). Additionally, in the third year experiment (2016-2017), we grew a second set of the 
Miscanthus genotypes in a greenhouse on the University of Illinois main campus (<5 km from 
the Energy Farm greenhouse), in which the plants were given constant 13 h d
-1
 photoperiod, 
starting on 2 September until natural day length exceeded this value on 9 April. In the 
greenhouses, temperature during the day was maintained between 27-31 °C and at night 
temperature was between 22-26 °C. Miscanthus plants were grown in 7 L pots (T.O. Plastics, 
Clearwater, MN, USA) containing peat-based potting mix (Metro-Mix 900, Sun Gro 
Horticulture, Agawam, MA, USA), whereas the larger-growing Saccharum plants were grown in 
17 L pots (T.O. Plastics, Clearwater, MN, USA). Slow release fertilizer was applied to each pot 
(Osmocote Pro 17-5-11, 6 month; 35 g per 7 L pot and 140 g per 17 L pot; ICL Specialty 
Fertilizers, Dublin, OH, USA). Drip irrigation was supplied to each pot automatically twice per 
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day. For each pot of Miscanthus and Saccharum studied, data was recorded weekly on when a 
plant was actively flowering (newly opened florets dehiscing pollen). 
The 2014-2015 greenhouse experiment (Expt. 1a) was initiated from 25 March to 21 
April 2014. For each of 23 Saccharum genotypes, 1-8 pots were established from stem cuttings 
(Table 4.2). For each of 10 Miscanthus genotype, 36 pots were established from divisions of 
greenhouse-grown stock plants (cut 15 cm above the soil surface; Table 4.1). Six pots of each 
Miscanthus genotype were randomly selected as controls and no additional treatments to alter 
flowering time were applied to these. On 5 September 2014, six pots of each Miscanthus 
genotype were cut 15 cm above the soil surface; three of these pots were left in the greenhouse to 
regrow (cut treatment), and the other three pots were moved to a 4 °C cold room for four weeks 
then returned to the same greenhouse to regrow (cut plus cold treatment). The cut and cut plus 
cold treatments were applied to a new set of Miscanthus pots every 4 weeks for a total of five 
consecutive months (i.e. through 26 December 2014). Data on flowering time was recorded 
weekly from 22 Aug 2014 to 30 April 2015. 
The 2015-2016 greenhouse experiment (Expt. 1b) was initiated on 2-3 June 2015. For 
each of 15 Saccharum genotypes, from 1-6 pots were established via stem cuttings (Table 4.2). 
In addition to the 10 Miscanthus genotypes used in previous year’s experiment, 13 additional M. 
sacchariflorus genotypes were included, for a total of 23 Miscanthus genotypes in this year’s 
experiment (Table 4.1). For each of the 23 Miscanthus genotypes, three control pots were 
established from divisions of greenhouse-grown stock plants (cut 15 cm above the soil surface; 
Table 4.1). Additionally, for 15 M. sacchariflorus of the 23 Miscanthus genotypes, eight 
dormant divisions (quarters of pots) and bare-root rhizomes pieces (5-10 cm long, wrapped in 
moist paper and placed in sealed plastic bags) were stored at 4 °C in the previous autumn (2014) 
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and used to establish new pots in the greenhouse in a time series during the 2015 growing season 
(Table 4.1). Every 4 weeks from 3 June to 16 September 2015, stored Miscanthus genotypes 
were planted in the greenhouse for a total of four sets (establishment time points), with two pots 
per genotype from stored divisions and three pots from bare-root rhizomes (1-3 rhizomes per pot) 
for each set. Data on flowering time was recorded weekly from 1 Aug 2015 to 30 April 2016. 
The 2016-2017 experiment (Expt. 1c) was initiated on 26-29 July 2016. The 23 
Miscanthus genotypes were the same as for the previous year’s experiment (Table 4.1). In 
addition to the 15 Saccharum genotypes used in 2015-2016 experiment, eight new genotypes 
were included (Table 4.2). Control pots for both Miscanthus and Saccharum were prepared using 
the same methods as previous years’ experiments. For 15 M. sacchariflorus of the 23 Miscanthus 
genotypes, 18 divisions (quarters of pots) were stored at 4 °C at the time that the control pots 
were established in the greenhouse (Table 4.1). On 6 September, an initial set of six stored 
divisions per Miscanthus genotype were removed from cold storage and three were planted in 
the greenhouse running the 1 min d
-1
 decreasing photoperiod protocol and another three 
divisions were planted in another greenhouse with a constant 13 h d
-1
 day length. In total, three 
sets of 4 °C Miscanthus divisions were planted in each greenhouse at 4-week intervals from 
September to November. Data on flowering time was recorded weekly from 1 October 2016 to 
30 April 2017. 
Experiment 2: Effect of Day Length on Flowering Time of M. sinensis, M. floridulus, and M. 
×giganteus ‘1993-1780’ in Controlled Environment Chambers 
In total, 33 Miscanthus genotypes and two Sorghum bicolor controls (one short-day and one day-
neutral) were studied (Table 4.3). The Miscanthus genotypes included 25 M. sinensis from 
known locations in China and Japan, representing latitudes ranging from 19 to 45° N, three 
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ornamental M. sinensis cultivars, two M. floridulus from New Guinea and New Caledonia, two 
diploid M. ×giganteus (M×g = M. sacchariflorus × M. sinensis; one ornamental cultivar and one 
natural hybrid), and the leading biomass cultivar control, the triploid M×g ‘1993-1780’. The M. 
sinensis genotypes studied here represent six genetic groups that were previously determined by 
Clark et al. (2014). Although detailed source location information for the four ornamental 
cultivars and the M×g ‘1993-1780’ control is not available, their M. sinensis ancestry was 
previously shown to be from the Southern Japan genetic group (Table 4.3; Clark et al., 2014). 
Plants were established in 7 L pots in controlled environment chambers under constant 
long days (15 h). After 42-61 d of establishment in the chamber, all the aboveground stems of 
the Miscanthus plants were cut to 5 cm above the soil surface, and then subjected to one of three 
day length treatments: 15 h, 12.5 h, and 10 h. For each combination of genotype and day length 
treatment, three replicate pots were tested. Temperature was a constant 23 °C for the duration of 
the experiment. To each pot, 35 g of slow release fertilizer (Osmocote Pro 17-5-11, 6 months; 
ICL Specialty Fertilizers, Dublin, OH, USA) was added at planting and after 6 mo. Drip 
irrigation was provided to each pot.  
 Data were recorded on the number of days to first flagging and first flowering. At the end 
of the experiment, data were taken on number of total culms and number of reproductive shoots, 
number of leaves per culm (~number of nodes), and culm length. An additional trait, 
reproductive shoot ratio, was obtained by dividing number of reproductive shoots over the total 
culm count. Thus, a total of seven traits were studied. The experiments were ended after at least 
80 d with no change in flowering, which was at least 188 d from cutting for the 10 h and 12.5 h 
treatments and 352 d for the 15 h treatment. 
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Statistical Analysis 
For Experiment 1, analyses of variance (ANOVAs) were conducted to assess the effects on 
flowering time of the treatments performed in each year. For the 2014-2015 experiment, the 
treatments included cut, and cut plus cold performed monthly from September to January and 
controls. For the 2015-2016 experiment, the treatments were plantings of pot divisions or 
rhizomes from cold storage, performed monthly from June to September, and controls. For the 
2016-2017 experiment, the treatments were plantings of cold storage pot divisions from 
September to November, grown under two different day lengths, and controls. ANOVAs were 
conducted with SAS Procedure MIXED (SAS Institute Inc., Cary, NC, USA) for each year’s 
experiment based on the subset of Miscanthus genotypes that flowered, where the dependent 
variable was flowering time, and the effects of genotype, treatments, month, and their 
interactions were considered fixed. ANOVAs were also conducted in SAS Procedure MIXED 
(SAS Institute Inc., Cary, NC, USA) to test the effects on flowering-time of genus (Miscanthus, 
Saccharum), and genotype nested within genus as fixed effects, for the subset of genotypes that 
flowered; for Miscanthus, only the control pots were included in the analysis. To better evaluate 
flowering time diversity within Miscanthus and Saccharum, separate ANOVAs were conducted 
for each genus with genotype as a fixed effect. Weekly flowering data was plotted in R (R Core 
Team, 2013) for visualization. Associations between latitude of origin for the Miscanthus 
genotypes and flowering time was also evaluated by linear regression using R lm function (R 
Core Team, 2013). 
For Experiment 2, ANOVAs were conducted with SAS Procedure MIXED (SAS 
Institute Inc., Cary, NC, USA) to assess the fixed effects of genotype, day length (10 h, 12.5 h, 
and 15 h) and their interactions on flowering traits (days to first flag leaf and first flowering) and 
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morphological traits (culm length, number of leaves per culm, number of total culms, number of 
reproductive shoots and reproductive shoot ratio). Tukey’s HSD test (α = 0.05) was estimated to 
investigate differences among three day lengths for each trait. The relationships between location 
of origin (i.e. collection site), the genetic groups to which the genotypes belong, and the 
phenotypic traits observed in the controlled-environment chambers under three day lengths were 
visualized in ArcGIS (ESRI, 2011) by plotting on a geographical map the location of each 
genotype, color coded by its previously ascertained M. sinensis genetic group (Clark et al., 2014), 
along with the associated phenotypic data from this study (as bar charts with standard errors). 
Associations between latitude of origin and phenotype at the different day lengths were also 
evaluated by linear regression using R lm function (R Core Team, 2013). 
4.4 Results 
Experiment 1: Flowering Time Management of Miscanthus and Sugarcane in A Greenhouse 
Key Findings over the Three Years 
Large and highly significant differences in flowering time were observed between Saccharum 
and Miscanthus, and among genotypes within each genus (Fig. 4.1; Table 4.4). As expected 
Saccharum genotypes typically flowered later than Miscanthus genotypes. However, some 
Saccharum and Miscanthus genotypes overlapped in flowering time each year the experiment 
was conducted (Fig. 4.1). Each year, the experiment was initiated ~2 months later in the season 
than the prior year (Expt. 1a, 25 March to 21 April 2014; Expt. 1b, 2-3 June 2015; and Expt. 1c, 
26-29 July 2016) and this appeared to have a large effect on which genotypes in each genus 
flowered, and it also affected the timing of flowering for the Saccharum genotypes (Fig. 4.1). 
Early planting promoted flowering in both genera and early flowering in Saccharum. Over the 
three years, Saccharum genotypes were observed to flower from October to April, with 
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flowering obtained for 13/23 genotypes in 2014-2015, 5/15 in 2015-2016, and 7/23 in 2016-2017 
(Fig. 4.1; Table 4.2). For Miscanthus genotypes, flowering of the control pots was observed from 
August to April, with flowering obtained for 10/10 genotypes in 2014-2015, 22/23 in 2015-2016, 
and only 8/23 in 2016-2017 (Fig. 4.1; Table 4.1). In each year, there was a strong negative 
correlation between flowering time of the Miscanthus genotypes and their latitude of origin (r
2
 = 
0.89-0.90, p < 0.001; Fig. 4.2). Thus, under the short days provided, Miscanthus genotypes that 
originated from low latitudes were primarily the ones that overlapped in flowering time with 
Saccharum genotypes (Figs. 4.1 and 4.2). 
Some Miscanthus and Saccharum genotypes flowered consistently over the three years 
that the experiment was conducted, irrespective of the differences in initial planting date. Four 
sugarcane genotypes (‘US84-1058’, ‘L09-105’, ‘Ho06-9001’, ‘Ho06-9002’) and the intergeneric 
hybrid (S. arundinaceum × Miscanthus) ‘Purple People Greeter’ flowered during each of the 
three years that Expt. 1 was conducted (Fig. 4.1). Two additional sugarcane genotypes, ‘L79-
1002’ and ‘Ho91-552’ flowered in two out of the three years. For Miscanthus, control pots for 
eight of the 10 genotypes tested in the 2014-2015 experiment also flowered in 2015-2016 
experiment. However, of the 23 Miscanthus genotypes tested in both the 2015-2016 and 2016-
2017 experiments, only five genotypes had control pots flower in both years. 
Experiment 1a (2014-2015) 
In the 2014-2015 greenhouse experiment, more than half of the tested Saccharum genotypes 
flowered, and this was a substantially larger percentage than that observed in the subsequent 
years’ experiments in which the stem cuttings were planted later. Moreover, the seven 
Saccharum genotypes that flowered in multiple years, flowered earliest in the 2014-2015 
experiment. Four of the Saccharum genotypes flowered twice during the 2014-2015 experiment, 
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once in the late autumn or early winter and a second time in mid-winter or spring (Fig. 4.1). In 
contrast, none of the Saccharum genotypes flowered twice in the subsequent experiments. The 
first flowering flush was observed from October 2014 to January 2015 (Fig. 4.1), with S. 
spontaneum ‘Saudi Arabia’ being the first to flower on 3 October 2014 and S. hybr. ‘Ho06-9001’ 
being the last on 5 December 2014. One Saccharum hybrid, ‘Ho91-552’, flowered a second time 
in January 2015 and three Saccharum hybrids, ‘L09-105’, ‘L79-1002’ and ‘Ho06-9002’, had 
second flush of flowering in April 2015 (Fig. 4.1). 
For Miscanthus, the control pots of the 2014-2015 experiment flowered only from 
August through December (Fig. 4.1). The earliest flowering genotype was the northernmost M. 
sinensis ‘PMS-436’ (41.32° N; first flowering date: 28 August 2014), and the latest flowering 
genotype was the southernmost M. sinensis ‘PMS-375’ (19.63° N; first flowering date: 27 
November 2014). Notably, the cut treatment and the cut plus cold treatment extended the 
flowering time into the late winter and spring for four of the Miscanthus genotypes (M. 
sacchariflorus 4x ‘PF30153’, M. sacchariflorus ssp. lutarioriparius ‘PF30022’, M. floridulus 
‘US56-002-03’, and M. sinensis ‘PMS-375’). The treatments in September, December and 
January resulted in Miscanthus plants that flowered, but the treatments in October and November 
did not produce any flowering plants. ANOVA indicated that genotype, treatment, month of 
treatment application, and interactions all had significant effects on days to first flowering (Table 
4.5). Among the four genotypes that flowered after treatments, two tropical genotypes, M. 
floridulus ‘US56-0022-03’ (20.91° S) and M. sinensis ‘PMS-375’ (19.63° N), flowered only 
after the cut treatment rather than the cut plus cold treatment, whereas the other two genotypes M. 
sacchariflorus 4x ‘PF30153’ and M. sacchariflorus ssp. lutarioriparius ‘PF30022’ flowered 
after the cut plus cold treatment only or under both treatments. The January cut plus cold 
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treatment for M. sacchariflorus 4x ‘PF30153’ and M. sacchariflorus ssp. lutarioriparius 
‘PF30022’, and the January cut treatment for M. floridulus ‘US56-0022-03’ and M. sinensis 
‘PMS-375’ resulted in plants that flowered in April 2015, which overlapped with the second 
flowering of Saccharum hybrids, ‘L09-105’, ‘L79-1002’ and ‘Ho06-9002’ (Fig. 4.1). 
Experiment 1b (2015-2016) 
Four Saccharum genotypes, including ‘US84-1058’, ‘L09-105’, ‘Ho06-9001’, and ‘Ho06-9002’, 
flowered from November 2015 to January 2016 (Fig. 4.1). The intergeneric hybrid (S. 
arundinaceum × Miscanthus) ‘Purple People Greeter’ also flowered in early March. For 
Miscanthus, 22 of the 23 genotypes flowered. Flowering time of the Miscanthus controls ranged 
from 1 August 2015 to 15 December 2015. The earliest Miscanthus genotypes were M. 
sacchariflorus from eastern Russia (47.19-49.06° N), including ‘RU2012-037’, ‘RU2012-050’, 
‘RU2012-016’, ‘RU2012-120’, and ‘RU2012-112’, which flowered in August 2015. In contrast, 
the two southernmost genotypes, M. floridulus ‘US56-002-03’ and M. sinensis ‘PMS-375’ 
flowered latest in mid-December, similar to that observed in the 2014-2015 experiment. Thus, 
the Miscanthus and Saccharum genotypes that were best synchronized in flowering time were M. 
floridulus ‘US56-0022-03’, M. sinensis ‘PMS-375’ and S. hybr. ‘L09-105’, which all flowered 
from mid- to late December (Fig. 4.1). 
Miscanthus pot divisions and rhizomes that were stored at 4 C then planted in the 
greenhouse during June or July flowered in high frequency, but few or no genotypes flowered 
when cold-stored materials were planted in August or September, again demonstrating that date 
of establishment had a large effect on presence or absence of flowering (Fig. 4.1). However, 
flowering time of the cold-stored Miscanthus divisions and rhizomes was similar to that of the 
controls. ANOVAs indicated that all tested model terms had significant effects except for 
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treatment by month interaction (Table 4.5; Fig. 4.1). Of the 15 M. sacchariflorus genotypes 
included in the treatments, 11 flowered from stored pot divisions (seven each from June and July 
plantings but only one from August and zero from September), and all flowered when pots were 
newly established from rhizomes (15 from June, 12 from July, one from August, and zero from 
September). 
Experiment 1c (2016-2017) 
Six Saccharum genotypes, including ‘L09-105’, ‘Ho91-552’, ‘US84-1058’, ‘Ho06-9001’, 
‘Ho06-9002’, and ‘L79-1002’ flowered from December 2016 to March 2017, though with a gap 
from mid-January through all of February. In addition, the intergeneric hybrid (S. arundinaceum 
× Miscanthus) ‘Purple People Greeter’ also flowered in early April. The Saccharum genotypes 
that flowered in the 2016-2017 experiment included all of the genotypes that flowered in 2015-
2016 plus two (‘L79-1002’ and ‘Ho91-552’), but in the 2016-2017 experiment they flowered 
later in the season, consistent with the later planting of this trial. 
 For the Miscanthus, only 10 of the 23 genotypes flowered, and of these, two flowered 
only after cold-stored divisions were planted in September or October. However, of the 15 
Miscanthus genotypes included in the cold storage treatments, only four flowered. An ANOVA 
of just the four entries that flowered to evaluate effects of genotype, two day length treatments, 
month and their interactions on days to first flowering, detected significant effects of day length 
only (Table 4.5). The September planting of three M. sacchariflorus genotypes, ‘RU2012-037’, 
‘RU2012-078’, and ‘Tohoku-2010-025’, flowered at the end of October 2016 under the 1 min d-1 
decreasing length. Under the 13 h constant day length, the September planting of ‘Tohoku-2010-
025’ and the October planting of ‘RU2012-037’, ‘RU2012-050’, and ‘RU2012-078’ flowered in 
early December 2016. None of the November plantings of cold-stored divisions flowered. Thus, 
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the control pots of M. floridulus ‘US56-0022-03’ and the October plantings of M. sacchariflorus 
‘RU2012-050’ and ‘RU2012-078’ synchronized in flowering time with S. hybr. ‘L09-105’ 
during early December 2016. 
Experiment 2: Effect of Day Length on Flowering Time of M. sinensis, M. floridulus, and M. × 
giganteus ‘1993-1780’ in Controlled Environment Chambers 
ANOVAs indicated that genotype, day length and genotype by day length interactions had 
significant effects on each of the ten flowering and morphological traits (Table 4.6). All 35 
entries (including 33 Miscanthus and two S. bicolor controls) flowered under one or more of the 
tested day lengths (10, 12.5, and 15 h). However, only five mostly subtropical M. sinensis 
genotypes (Koike-21c, 32.2 N; Miyazaki, 31.8 N; PMS-226, 26.6 N; PMS-347, 24.2 N; 
PMS-359, 22.9 N) out of 28 M. sinensis and two M. floridulus flowered under each of the tested 
day lengths, and these genotypes behaved similarly to the short-day S. bicolor control ‘100M’ 
(Ma1Ma2Ma3Ma4; Lee et al., 1998; Miller et al., 1999), with flowering earliest at 10 h, 
intermediate at 12.5 h, and latest at 15 h (Fig. 4.3, Table 4.3). Similarly, for the Miscanthus 
genotypes that flowered under 10 h and 12.5 h, average days to first flower (67 and 85 d, 
respectively) were earlier than those that flowered at 15 h (136 d), though the difference between 
10 h and 12.5 h was not significant at α=0.05 based on Tukey’s HSD test (Fig. 4.3). The day-
neutral S. bicolor control ‘38M’ (ma1ma2ma3
R
Ma4; Lee et al., 1998; Miller et al., 1999) flowered 
quickly and at about the same time regardless of day length (50 to 60 days after cutting), as 
expected; however, none of the Miscanthus genotypes behaved similarly (Fig. 4.3).  
Of the 33 Miscanthus genotypes, all but three tropical accessions flowered under the 15 h 
day length (Fig. 4.3), and the highest ratio of reproductive shoots to total number of culms was 
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typically observed for 15 h days (Fig. 4.4B). With the 15 h day length, days to first flower for the 
M. sinensis genotypes ranged from 66 d to 360 d (Table 4.3). However, of the five Miscanthus 
genotypes that originated from the tropics, only two flowered under 15 h days, but each flowered 
under 12.5 h days, and one (M. floridulus ‘US56-0022-03’, 20.9 S) flowered only under 12.5 h 
days (Figs. 4.3 and Table 4.3). Similarly, for four of the five tropical Miscanthus genotypes, 
reproductive shoot ratio was highest under 12.5 h days, in contrast to those that originated at 
higher latitudes (Fig. 4.4B). 
At 10 h day length, there was a strong negative correlation between latitude of origin and 
days to first flower (r
2
 = 0.88), but at 12.5 and 15 h, the correlations were only moderately 
negative (Fig. 4.3). However, none of the 12 M. sinensis genotypes that originated from latitudes 
exceeding 34 N flowered under 10 h days, and only one of these flowered under 12.5 h days, 
yet all flowered under 15 h days (Fig. 4.3, Table 4.3). Notably, five of these northern (i.e. 
temperate) M. sinensis genotypes flagged under 10 h and/or 12.5 h day lengths but did not 
proceed to flower (Fig. 4.3; ‘PMS-159’, ‘PMS-161’ from the Yangtze-Qinling genetic group, 
‘PMS-438’ from Korea/North China group, ‘Tohoku-2010-015a' from the Northern Japan group, 
and ‘Koike-11a’ from the Southern Japan group). Some subtropical M. sinensis genotypes also 
only flowered under 15 h days (e.g. ‘PMS-314’, ‘Onna-1a’, and ‘Uruma-1b’), yet others 
flowered under 12.5 and 15 h days or all three tested day lengths, indicating that the subtropics is 
a transition zone with a mixture of day length response types (Fig. 4.3). Moreover, in addition to 
not flowering under short days, the northern M. sinensis genotypes responded to 10 and 12.5 h 
days by producing very short culms, with the shortest days resulting in the shortest culms (Figs. 
4.5A, 4.6, 4.7, and C.2). 
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Culm length of the M. sinensis and M. floridulus genotypes was strongly and negatively 
correlated with latitude of origin under 10 h days (r
2
 = 0.81) and 12.5 h days (r
2
 = 0.63), but the 
relationship was weak under 15 h days (r
2
 = 0.09; Figs. 4.5A, 4.6, 4.7, C.1, C.2). Among all 33 
Miscanthus genotypes, Tukey’s HSD test (α=0.05) indicated that culm length was significantly 
different across three day length treatments. Nearly all the Miscanthus entries achieved maximal 
culm length under the 15 h treatment (including the biomass cultivar M×g ‘1993-1780’), but the 
nearer to the equator an accession originated, the less of a difference in culm length between the 
short day treatments and the 15 h day treatment (Fig. 4.5A). For example, M. floridulus ‘NG77-
022’ from 3.6 S produced similarly long culms under all three day lengths (Figs. 4.5A, C.1). 
Only two tropical genotypes, M. sinensis ‘PMS-382’ and M. floridulus ‘US56-0022-03’, were 
tallest under 12.5 h days (Figs. 4.5A). 
M. sinensis genotypes that originated from high latitudes in Japan had greater numbers of 
leaves at 15 h than at 10 h day lengths (Fig. 4.5B). In contrast, M. sinensis genotypes that 
originated from high latitudes on mainland Asia (Korea/North China and Yangtze-Qinling 
genetic groups) had the same or greater numbers of leaves at 10 h in comparison to 15 h (Fig. 
4.5B). Thus, the short culms observed for high-latitude accessions of M. sinensis under short 
days was achieved substantially by greater phyllochron under short days than under long days 
for the Japanese accessions, whereas for the mainland accessions, short culms were obtained 
primarily via short internodes rather than by more days needed to develop a leaf. Like the 
northern Japanese M. sinensis genotypes, most of the subtropical and tropical accessions of M. 
sinensis produced more leaves under long days than under short days. However, some accessions 
produced similar numbers of leaves under all three day lengths tested (e.g. ‘PMS-306‘, 29.9 N), 
and other entries, such as ‘PMS-130‘ (33.5  N), M. floridulus ‘NG77-022’ (3.6 S) and the 
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biomass control cultivar M×g ‘1993-1780’ produced more leaves under shorter days than longer 
days (Fig. 4.5B). 
Total number of culms for most of the Miscanthus genotypes was ~3-13 fold greater 
under 10 h than 15 h days, with intermediate numbers of culms typically resulting from 12.5 h 
days (Fig. 4.4A). However, the two tropical M. floridulus (‘NG77-022’ and ‘US56-0022-03’), 
four M. sinensis (‘Flamingo’, ‘Miyazaki’, ‘Tohoku-2010-015a’, and ‘Uruma-1b’), and the biomass 
control M×g ‘1993-1780’ produced the greatest number of culms at 12.5 h. Thus, under 10 and 
12.5 h day lengths, most of the M. sinensis genotypes from low latitudes produced a large 
number of tall culms, many of which flowered, whereas genotypes from high latitudes produced 
a large number of short culms that did not flower (Figs. 4.5A, 4.6, 4.7, C.1, C.2).  
4.5 Discussion 
Flowering Sugarcane at 40 N 
Flowering was accomplished for more than half of the sugarcane genotypes in this study, in 
central Illinois, by growing the plants in a warm greenhouse and providing a declining 
photoperiod of 1 min d
-1
 from 12.5 h to 11 h over the course of 3 months, then holding a constant 
11 h day length for an additional ~2 mo. Sugarcane is difficult to flower and synchronize for 
crosses, so sugarcane breeders commonly use photoperiod facilities to induce flowering by an 
initial exposure to ~12.5 days followed by a declining day length of 30-60 sec d
-1
 (Moore and 
Nuss, 1987; Berding, 1995; Bischoff and Gravois, 2004; Cheavegatti-Gianotto et al., 2011). 
Further improvements in the number of genotypes that can be flowered in our greenhouse might 
be obtained by adjusting the rate of decline in photoperiod. Recently, two studies found that a 
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photoperiod decline of 40-45 sec d
-1
 was likely superior to 30 or 60 d
-1
 for flowering most 
sugarcane genotypes (Berding et al., 2010; Melloni et al., 2015). 
The early establishment of the sugarcane pots in Expt. 1a relative to Expts. 1b and 1c was 
advantageous, resulting in more than twice as many genotypes flowering in autumn and early 
winter, and also enabling a second flush of flowering for some genotypes in late winter and 
spring that was not obtained in the later-planted experiments. Berding (1995) and Julian et al. 
(1974) observed that the optimal age of sugarcane stems for floral induction was 12-16 weeks. In 
our study, when the critical 12.5 h photoperiod was reached in mid-September, the age of the 
sugarcanes was ~20 weeks for Expt. 1a, ~14 weeks for Expt. 1b, and 6 weeks for Expt. 1c. Thus, 
under our conditions, an establishment phase about six weeks longer than the ~14 week optimum 
previously reported was beneficial. Though the later planting of sugarcane in Expts. 1b and 1c 
helped limit height, thereby avoiding stems reaching the roof of a greenhouse with 6.1 m side-
walls, the height problem could be better addressed by air layering stems so that they could be 
cut if they get too tall, without sacrificing growth. Air layering would also make it easier for 
workers to move stems during flowering to facilitate emasculation and crossing. 
 Species and genotype also had a large effect on timing and ease of flowering of 
sugarcane in our study. The earliest flowering species were S. spontaneum and S. arundinaceum, 
which was expected (Tagane et al., 2011). Saccharum hybrids with a high proportion ancestry 
from S. spontaneum, such as ‘L79-1002’, ‘Ho06-9001’, and ‘Ho06-9002’, were among the most 
consistent to flower in our study. However, some commercial sugarcane materials, such as ‘L09-
105’, also flowered well in our study. 
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Effects of Day Length on Miscanthus Development 
Photoperiod profoundly affected all aspects of Miscanthus growth and development that we 
studied, especially flowering. Expt. 2 demonstrated that few M. sinensis or M. floridulus 
genotypes that originated outside of the tropics flowered well under 12.5 h days or less, yet all 
the subtropical and temperate-sourced genotypes flowered well under 15 h days (Fig. 4.3), which 
is the photoperiod during the summer solstice at 40 N, where Urbana is located. Jensen et al. 
(2012) concluded that M. sacchariflorus is a quantitative short-day plant because flowering 
under a constant 12.5 h or a declining photoperiod mimicking 34.1° N was >50 days earlier than 
for those grown under constant 15.3 h days, which was generally consistent with our 
observations for M. sinensis in Expt. 2, though critical photoperiods may vary by species and 
genotype. For M. sacchariflorus grown under a declining photoperiod mimicking 34.1° N, 
Jensen et al. (2012) estimated that floral induction occurred between 13.8 and 12.5 h day lengths.  
Notably, Jensen et al. (2012) also observed that M. sacchariflorus genotypes originating 
from 34.5° N and higher failed to flower under a declining photoperiod mimicking 34.1° N, even 
though some produced flag leaves when day lengths were between 12.7 and 12.1 h; in contrast, 
M. sacchariflorus genotypes from lower latitudes flowered when days were shorter than 12 h. 
For M. sinensis, we similarly observed that flowering of genotypes from temperate latitudes 
(>34 N) was inhibited by short days (constant 10 and 12.5 h), even though some produced flag 
leaves, whereas flowering was consistently strong under 15 h days. In addition to not flowering, 
M. sinensis from temperate latitudes produced many short culms under 10 and 12.5 h days, 
resulting in a short and dense morphology similar to that of many alpine plants (Figs. 4.5, 4.6, 
4.7, C.1, C.2). Such a dense and short morphology can protect apical meristems from freeze 
damage by keeping them below the soil surface, and limit water loss by reducing air flow around 
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leaves. Thus, for Miscanthus, relatively short days can accelerate floral induction, but below a 
critical threshold, especially for genotypes adapted to high latitudes, short days can signal that 
plants should prepare for winter, and importantly this response is epistatic to flowering. 
Similarly, short-days (<12.5 h) have been shown to induce dormancy and reduce or prevent 
flowering in switchgrass (Panicum virgatum) and big bluestem (Andropogon gerardii) 
(especially for high-latitude populations), which are also quantitative short-day, perennial, C4 
grasses (Benedict, 1940; Castro et al., 2011; McMillan, 1959). However, low-intensity light 
extension of day length prevented or reversed this dormancy in switchgrass (Van Esbroeck et al., 
2004). 
 In the greenhouse experiment (Expt. 1), we established Miscanthus plants at different 
times (implemented by different initial planting dates, by cutting back established plants, or by 
cutting back plants then storing them at 4 C for 1 month to mimic dormancy) in an effort to 
identify treatments that could delay flowering sufficiently to synchronize with sugarcane, but 
time of establishment was only effective if day length was conducive. Establishing Miscanthus 
plants from March through the first week of July enabled genotypes from subtropical and 
temperate latitudes to flower in late summer and early autumn (Fig. 4.1; Expts. 1a and 1b), 
indicating that floral induction occurred during photoperiods greater than 12.5 h, prior to mid-
September, which was consistent with the results of Expt. 2 and Jensen et al. (2012). Moreover, 
there was little difference in flowering time between plants of the same genotype established in 
June compared to those established in early July (Fig. 4.1; Expt. 1b), indicating that more rapid 
flowering associated with the shorter photoperiods encountered by mature stems of the later 
planting compensated for the difference in planting date. Thus, when established in spring and 
early summer, the Miscanthus genotypes from subtropical and temperate latitudes flowered early 
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and failed to synchronize with most of the sugarcane genotypes, though some overlap was 
achieved with the early-flowering S. spontaneum and S. arundinaceum accessions. With early-
season establishment and under the declining photoperiod treatment during autumn in the 
greenhouse, only the two tropical Miscanthus genotypes tested (M. floridulus ‘US56-002-03’ 
and M. sinensis ‘PMS-375’) flowered late enough to consistently synchronize flowering with the 
first flush of sugarcane flowering in Expt. 1a (in late November and early December) and the 
single flush of sugarcane flowering in Expts. 1b and 1c (Fig. 4.1), which was consistent with the 
results of Expt. 2 that these low-latitude genotypes flowered strongly under constant 12.5 h days 
but did not flower under 15 days (Fig. 4.3). When Miscanthus genotypes from subtropical and 
temperate latitudes were established during the last week of July or later in the summer or 
autumn, few flowered because the photoperiod was too short to be conducive by the time stems 
had sufficiently matured; the exceptions were primarily M. sacchariflorus genotypes, and the 
tropical M. floridulus ‘US56-002-03’ and M. sinensis ‘PMS-375’ (Fig. 4.1; Expts. 1a-c). For 
example, when some M. sacchariflorus genotypes were established during the first week of 
September, flowering was delayed until November, which would allow synchronization with 
many sugarcane genotypes (Fig. 4.1; Expt. 1c).  
Synchronizing Flowering Time of Sugarcane and Miscanthus to Facilitate Intergeneric Crosses 
To synchronize flowering of sugarcane and Miscanthus in the autumn, it would be advantageous 
to hasten flowering of the sugarcane and delay flowering of the Miscanthus. Furthermore, it 
would be desirable to promote flowering of both genera during the late winter and spring. To 
achieve strong flowering of sugarcane, in a high-latitude greenhouse such as ours, during autumn 
and early winter, and promote flowering in spring, the plants should be established from cuttings 
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five to six month prior to onset of the 12.5 h and declining day lengths critical for floral 
induction. 
 For Miscanthus that originated from the tropics, the same environment that is conducive 
to flowering of sugarcane, including declining photoperiod, will likely result in synchronized 
flowering between the two genera during the late autumn. Moreover, cutting back established 
plants of tropical Miscanthus genotypes in early September, December or January can be used to 
delay flowering and synchronize with a second spring flush of sugarcane flowering. We note, 
however, that cold treatments after cutting were disadvantageous for flowering tropical 
Miscanthus genotypes. 
 For M. sinensis genotypes that originated from subtropical and temperate latitudes, 
however, the short and declining day lengths needed to flower sugarcane are not conducive to 
synchronization of flowering between the two genera. One strategy for synchronizing the 
flowering of subtropical and temperate M. sinensis is to grow the plants under a conducive 
photoperiod, such as constant 15 h days (in controlled environment chambers or in a different 
greenhouse than that used to grow the sugarcanes, while avoiding light pollution that would 
inhibit flowering of the sugarcanes) and use empirical data on the number of growing days 
needed to obtain first or peak flowering (e.g. Tables 4.3, C.1) to choose a planting date that 
would achieve concurrent flowering with sugarcane in late autumn and early winter or in spring. 
Though data from Expt. 2 indicates that a constant 15 h day length should facilitate strong 
flowering after a defined number of days for most if not all subtropical and temperate M. 
sinensis, it may not be the fastest or optimal day length. Given that 12.5 h days was observed to 
be too short, an optimal day length for flowering subtropical and temperate M. sinensis may be 
between 13 and 15 h, though further testing would be needed to determine this. Moreover, 
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Castro et al. (2011) found that providing switchgrass, a cumulative short day plant, with 24 h 
photoperiod, resulted in multiple rounds of flowering and this could be used to synchronize 
flowering between early and late genotypes. Given these promising results from switchgrass and 
the high level of flowering observed under ~15 h days in M. sinensis (Expt. 2) and M. 
sacchariflorus (Jensen et al., 2012), it would be worthwhile to investigate if a 24 h photoperiod 
would also produce sequential flowering in Miscanthus. 
 For M. sacchariflorus grown under the short and declining photoperiod needed to flower 
sugarcane, most genotypes flowered as late as the end of October, which was still too early to 
synchronize with most sugarcane genotypes. However, M. sacchariflorus ssp. lutarioriparius 
was a notable exception, in that plants given a cut plus 1 month cold treatment in September, 
December or January then grown under the short and declining day length regime conducive to 
flowering sugarcane, produced flowers in late November or March/April, which would match 
well with sugarcane flowering (Fig. 4.1). M. sacchariflorus ssp. lutarioriparius is indigenous to 
the lower Yangtze River watershed and is a tall plant with high-biomass yield that is harvested 
locally to produce paper on a commercial scale, so crossing it to sugarcane would be desirable. 
However, to delay flowering of most M. sacchariflorus genotypes for synchronization with 
sugarcane, we suggest cultivation of the former under a constant conducive photoperiod for an 
empirically determined amount of time, similar to the strategy we propose for subtropical and 
temperate M. sinensis. However, there is currently little information on what might be optimal 
photoperiods for flowering M. sacchariflorus. Jensen et al. (2012) observed that M. 
sacchariflorus flowered under constant 15.3 h days, so that would be one option. We observed 
that under constant 13 h days, three out of six M. sacchariflorus genotypes from eastern Russia 
planted during the first week of October began to flower by early December (Fig. 4.1, Expt. 1c), 
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which would be suitably late for crossing with sugarcane; however, given that these accessions 
originated from ~49 N, an optimal day length for flowering them might be expected to be 
greater than 13 h. Given that M. sacchariflorus originates from a wide range of latitudes, day 
lengths that are optimal for flowering might be expected to range from 12.5 to 16 h. 
 In this study we identified barriers to synchronizing the flowering of sugarcane and 
Miscanthus, and proposed methods to circumvent these. For a given genotype of Miscanthus, a 
range of flowering dates may be obtained by staggered plantings grown under a single conducive 
constant day length, or by planting on a single date and growing under a range of conducive 
constant day lengths, leveraging the short-day response of faster flowering under shorter day 
lengths than longer ones. By controlling flowering time of sugarcane and Miscanthus, plant 
breeders will be better able to improve these crops via intra- and intergeneric crosses of their 
choosing. 
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4.6 Tables and Figures 
Table 4.1 Miscanthus genotypes included in a study, conducted in Urbana, IL over three years, on how cultural management 
treatments of greenhouse-grown plants affects flowering time. In each year (2014-2016), plants were grown in a greenhouse that 
provided decreasing day length of 1 min per day via supplemental light from high intensity discharge (HID) lamps starting when 
natural day length reached 12.5 h in Urbana, IL (14 September) until day length reached 11 h (13 December), then held constant until 
natural day length exceeded this value on 22 February. In 2016, an additional set of Miscanthus plants were also grown in a second 
greenhouse at Urbana, IL, in which day length was held at a constant 13 h via supplemental HID lamps, starting on 2 September until 
natural day length exceeded this value on 9 April. 
     
 
Number of pots 
 
 
Entry Ploidy Lat. Long. 
2014-2015† 
 
2015-2016‡ 
 
2016-2017§ 
Control 
Cut 
only 
Cut plus 
4°C 
cold 
 
Control 
Single 
rhizome 
planting 
Cold 
storage 
pot 
division 
 
Control 
1 min d-1 
decreasing 
day length 
Constant 
13 h d-1 
day 
length 
M. ×giganteus ‘Illinois-6x.06 (M×g2x-6)’ 6x   6 15 15 
 
3   
 
3   
M. floridulus ‘US56-0022-03’ 2x -20.9 165.3 6 15 15 
 
3   
 
3   
M. sacchariflorus ‘PMS-075’ 2x 40.1 116.2 6 15 15 
 
3   
 
3   
M. sacchariflorus ssp. lutarioriparius ‘PF30022’ 2x   6 15 15 
 
3   
 
3   
M. sacchariflorus 4x ‘Gifu-2010-008’ 4x 35.4 136.8 6 15 15 
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘PF30153’ 4x     6 15 15 
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘Tōhoku-2010-034’ 4x 38.7 139.9 6 15 15 
 
3   
 
3   
M. sinensis ‘PMS-204’ 2x 31.7 114.9 6 15 15 
 
3   
 
3   
M. sinensis ‘PMS-375’ 2x 19.6 110.3 6 15 15 
 
3   
 
3   
M. sinensis ‘PMS-436’ 2x 41.3 123.7 6 15 15 
 
3   
 
3   
M. sacchariflorus ‘RU2012-016’ 2x 47.2 134.4    
 
3 12 8 
 
3 9 9 
M. sacchariflorus ‘RU2012-037’ 2x 49.1 136.5    
 
3 12 8 
 
3 9 9 
M. sacchariflorus ‘RU2012-050’ 2x 48.9 136.2    
 
3 12 8 
 
3 9 9 
M. sacchariflorus ‘RU2012-078’ 2x 48.7 133.0    
 
3 12 8 
 
3 9 9 
M. sacchariflorus ‘RU2012-112’ 2x 48.6 133.9    
 
3 12 8 
 
3 9 9 
M. sacchariflorus ‘RU2012-120’ 2x 48.6 134.4    
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘Gifu-2010-024’ 4x 35.6 137.0    
 
3 12 8 
 
3 9 9 
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Table 4.1 (cont.) 
     
 
 
 
   
Entry Ploidy Lat. Long. 
2014-2015† 
 
2015-2016‡ 
 
2016-2017§ 
Control 
Cut 
only 
Cut plus 
4°C 
cold 
 
Control 
Single  
rhizome 
planting 
Cold 
storage  
pot 
division 
 
Control 
1 min d-1 
decreasing 
day length 
Constant 
13 h d-1 
day 
length 
M. sacchariflorus 4x ‘JM11-019’ 4x 35.1 132.3    
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘JM11-040’ 4x 34.8  132.9    
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘PF30157’ 4x        
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘Tōhoku-2010-025’ 4x 39.7 140.2    
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘Tōhoku-2010-036’ 4x 38.4 140.3    
 
3 12 8 
 
3 9 9 
M. sacchariflorus 4x ‘Tōhoku-2010-037’ 4x 38.4 140.3    
 
3 12 8 
 
3 9 9 
†Pots of Miscanthus were established on 21 April 2014. Each of the 10 genotypes had six control pots that were grown in the 
greenhouse without any further treatments. Miscanthus treatments included 1) cutting plants ~15 cm above the soil in September, 
December and January and allowing them to immediately regrow, 2) cutting the plants and storing them for 1 month at 4 C before 
returning them to the greenhouse to regrow, and 3) uncut controls. Empty cells indicate genotypes that were not included for specific 
year’s experiment. 
‡Treatments were 1) stored rhizomes (planted every 4 wks starting on 3 June 2015), 2) divisions of stored pots (planted every 4 wks 
starting on 3 June 2015), and 3) controls (actively growing plants cut ~15 cm above the soil surface on 3 June). Each of the 23 
genotypes had three control pots. For 15 selected M. sacchariflorus genotypes, three pots of single rhizome planting and two pots of 
cold storage pot division were made for each genotype monthly from June to September.  
§Pots of Miscanthus were established on 29 July 2016. Control pots cut ~15 cm above the soil surface were compared with a set of 
pots stored at 4 C and returned to the greenhouse at 4-wk intervals from September to November. Each of the 23 genotypes had three 
control pots. For 15 selected M. sacchariflorus genotypes, six stored divisions per Miscanthus genotype were removed from cold 
storage monthly and three of these were planted in a greenhouse with 1 min d
-1
 decreasing photoperiod protocol and another three 
divisions were planted in another greenhouse with a constant 13 h d
-1
 day length.  
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Table 4.2 Sugarcane and intergeneric hybrid genotypes included in a study of flowering time 
management in a greenhouse at Urbana, IL over three years. In each year (2014-2016), plants 
were grown in a greenhouse that provided decreasing day length of 1 min d
-1
 via supplemental 
light from high intensity discharge (HID) lamps starting when natural day length reached 12.5 h 
in Urbana, IL (14 September) until day length reached 11 h (13 December), then held constant 
until natural day length exceeded this value on 22 February. 
  Number of pots 
Entry Accession 
2014-
2015 
2015-
2016 
2016-
2017 
Miscanthus × Saccharum officinarum ‘Fiji 17’ PI212268   2 
Miscanthus × Saccharum officinarum ‘Fiji 53’ PI271853   2 
Miscanthus × Saccharum officinarum ‘Fiji 54’ PI268060   2 
Miscanthus × Saccharum officinarum ‘Fiji 55’ PI271854   2 
Miscanthus × Saccharum officinarum ‘Fiji 57’ PI276960   2 
Miscanthus × Saccharum officinarum ‘Fiji 59’ PI268061   2 
Miscanthus × Saccharum officinarum ‘Raiatea’ Q37075 8   
Saccharum hybr. ‘CP14-1613’ CP14-1613   2 
Saccharum hybr. ‘CP14-1931’ CP14-1931   2 
Saccharum hybr. ‘H96-3580’ UI13-00001 1  
 Saccharum hybr. ‘Ho06-9001’ Ho06-9001 8 6 6 
Saccharum hybr. ‘Ho06-9002’ Ho06-9002 8 6 6 
Saccharum hybr. ‘Ho91-552’ Ho91-552 1 6 6 
Saccharum hybr. ‘HoCP96-540’ HoCP96-540 1 6 6 
Saccharum hybr. ‘L09-105’ L09-105 8 6 6 
Saccharum hybr. ‘L79-1002’ PI651501 8 6 6 
Saccharum hybr. ‘L99-226’ L99-226 1   
Saccharum hybr. ‘US 84-1058’ US 84-1058 2 6 6 
Saccharum hybr. ‘US 87-1019’ US 87-1019 2 6 6 
Saccharum hybrid ‘POJ 2725’ × Sorghum durra PI114375  1   
Saccharum officinarum ‘Ho02-113’ Ho02-113 2   
Saccharum officinarum ‘Ho02-144’ Ho02-144 2 6 6 
Saccharum officinarum ‘Ho02-147’ Ho02-147 2   
Saccharum robustum ‘MOL 6081’ UI13-00003 2 2 2 
Saccharum spontaneum ‘IND 81-146’ PI504789 2   
Saccharum spontaneum ‘Saudi Arabia’ PI576871 2 2 2 
Saccharum spontaneum ‘SES 234’ PI495752 2   
Saccharum arundinaceum ‘UI11-00040’† UI11-00040 1 1 1 
Saccharum arundinaceum ‘US 67-0009-02’† PI318615 1 1 1 
Saccharum arundinaceum ‘US 71-0122-01’† PI367838 1 1 1 
(Saccharum arundinaceum × Miscanthus) ‘Purple 
People Greeter’† UI11-00041 1 1 1 
†Saccharum arundinaceum, arundinaceum ‘US 67-0009-02’, Saccharum arundinaceum ‘US 71-
0122-01’, and the interspecific hybrid (Saccharum × Miscanthus) ‘Purple People Greeter’ were 
grown in a separate greenhouse under natural day length in Urbana, IL.
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Table 4.3 The 33 Miscanthus genotypes and two Sorghum controls included in a study on the effect of day length on flowering time, 
conducted in controlled environment chambers. 
Entry Ploidy Lat† Long Genetic group‡ 
Genetic group 
color code 
Days to first flowering 
10 h 12.5 h 15 h 
M. sinensis ‘Teshio’ 2x 44.9 141.9 Northern Japan Blue   66 
M. sinensis ‘EBI-2008-51c’ 2x 43.5 142.7 Northern Japan Blue  42 67 
M. sinensis ‘EBI-2008-32a’ 2x 43.4 141.4 Northern Japan Blue   83 
M. sinensis ‘Tōhoku-2010-015a’ 2x 40.2 140.2 Northern Japan Blue   105 
M. sinensis ‘Koike-11a’ 2x 38.0 138.4 Southern Japan Yellow   126 
M. sinensis ‘Koike-12b’ 2x 36.7 137.2 Southern Japan Yellow   130 
M. sinensis ‘Sugadaira’ 2x 36.0 138.1 Southern Japan Yellow   96 
M. sinensis ‘Koike-21c’ 2x 32.2 130.4 Southern Japan Yellow 49 61 164 
M. sinensis ‘Miyazaki’ 2x 31.8 131.4 Southern Japan Yellow 44 61 167 
M. sinensis ‘Flamingo’ 2x 
  
Southern Japan Yellow   121 
M. sinensis ‘Gracillimus’ 2x 
  
Southern Japan Yellow   194 
M. sinensis × M. sacchariflorus BC ‘Nippon’ 2x 
  
Southern Japan Yellow 26 56 74 
M. sinensis ssp. condensatus ‘Cabaret’ 2x 
  
Southern Japan Yellow  109 229 
M. ×giganteus ‘1993-1780’ 3x 
  
Southern Japan Yellow 98 71 154 
M. sinensis ‘PMS-436’ 2x 41.3 123.7 Korea/North China Red   115 
M. sinensis ‘PMS-438’ 2x 41.3 123.7 Korea/North China Red   72 
M. sinensis ‘PMS-164’ 2x 37.3 114.3 Yangtze-Qinling Green   130 
M. sinensis ‘PMS-161’ 2x 35.7 112.3 Yangtze-Qinling Green   133 
M. sinensis ‘PMS-159’ 2x 34.1 111.0 Yangtze-Qinling Green   96 
M. sinensis ‘PMS-130’ 2x 33.5 105.1 Yangtze-Qinling Green 42  119 
M. sinensis ‘PMS-204’ 2x 31.7 114.9 Yangtze-Qinling Green   170 
M. sinensis × M. sacchariflorus ‘PMS-300’ 2x 30.8 120.1 Yangtze-Qinling Green   212 
M. sinensis ‘PMS-306’ 2x 29.9 118.8 Yangtze-Qinling Green  84 173 
M. sinensis ‘PMS-314’ 2x 26.5 119.6 Yangtze-Qinling Green   166 
M. sinensis ‘PMS-226’ 2x 26.6 106.8 Sichuan Basin Orange 56 76 189 
M. sinensis ‘Onna-1a’ 2x 26.5 126.8 SE China plus tropical Purple   274 
M. sinensis ‘Uruma-1b’ 2x 26.3 127.9 SE China plus tropical Purple   360 
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Table 4.3 (cont.) 
Entry Ploidy Lat† Long Genetic group‡ 
Genetic group 
color code 
Days to first flowering 
10 h 12.5 h 15 h 
M. sinensis ‘PMS-347’ 2x 24.2 115.9 SE China plus tropical Purple 81 91 147 
M. sinensis ‘PMS-359’ 2x 22.9 112.3 SE China plus tropical Purple 63 81 179 
M. sinensis ‘PMS-375’ 2x 19.6 110.3 SE China plus tropical Purple 91 142  
M. sinensis ‘PMS-382’ 2x 18.9 109.5 SE China plus tropical Purple 91 184  
M. floridulus ‘NG77-022’ 2x -3.6 143.6 SE China plus tropical Purple  95 135 
M. floridulus ‘US56-0022-03’ 2x -20.9 165.3 SE China plus tropical Purple  114  
S. bicolor ‘100M’ (Ma1Ma2Ma3Ma4) 2x     52 73 138 
S. bicolor ‘38M’ (ma1ma2ma3
RMa4) 2x         60 60 50 
Cultivar Nippon is sold as M. sinensis but has been shown by Clark et al. (2014) to be a cross between M. sinensis and M. 
sacchariflorus backcrossed to M. sinensis. 
†Empty cells indicate no data was available. For the interspecific genotypes, the M. sinensis ancestry of the hybrid is shown. 
‡M. sinensis genetic groups determined from Clark et al. (2014, 2015).  For interspecific hybrids between M. sacchariflorus and M. 
sinensis, the dominant M. sinensis genetic group is shown. 
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Table 4.4 Effect of genus (Miscanthus and Saccharum) and genotype within each genus on days 
to first flower for a series of experiments conducted in a greenhouse at Urbana, IL over three 
years. Only entries that flowered in each year were included in ANOVA analyses. Note that the 
‘Genotype within genus’ term in ANOVA table could be fractioned into two sub-terms 
‘Miscanthus’ and ‘Saccharum’, which were also tested separately. 
Experiment Model Term DF Mean Squares F value Pr(>F) 
2014-2015 Genus 1 61910.0 2074.7 <0.001 
 
Genotype within in genus 20 8929.1 299.2 <0.001 
 
     Miscanthus 9 18330.7 776.1 <0.001 
 
     Saccharum 11 1237.0 11.8 <0.001 
 
Residuals 221 29.8 
  2015-2016 Genus 1 87096.2 30821.6 <0.001 
 
Genotype within in genus 22 4197.9 964.3 <0.001 
 
     Miscanthus 20 3889.1 1926.2 <0.001 
 
     Saccharum 2 7286.7 743.5 <0.001 
 
Residuals 50 1.4 
  2016-2017 Genus 1 74127.2 1820.7 <0.001 
 
Genotype within in genus 11 2131.6 52.4 <0.001 
 
     Miscanthus 7 1201.7 367.9 <0.001 
 
     Saccharum 4 3759.0 36.5 <0.001 
 
Residuals 16 40.7 
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Table 4.5 Effects of treatments on days to first flowering for Miscanthus in a series of 
greenhouse experiments conducted in Urbana, IL over three years. In each year (2014-2016), 
plants were grown in a greenhouse that provided decreasing day length of 1 min d
-1
 via 
supplemental light from high intensity discharge (HID) lamps starting when natural day length 
reached 12.5 h in Urbana, IL (14 September) until day length reached 11 h (13 December), then 
held constant until natural day length exceeded this value on 22 February. In 2016, an additional 
set of Miscanthus plants were also grown in a second greenhouse at Urbana, IL, in which day 
length was held at a constant 13 h via supplemental HID lamps, starting on 2 September until 
natural day length exceeded this value on 9 April. In the 2014-2015 experiment, treatments 
included 1) cutting plants ~15 cm above the soil in September, December and January and 
allowing them to immediately regrow, 2) cutting the plants and storing them for 1 month at 4 C 
before returning them to the greenhouse to regrow, and 3) uncut controls. In the 2015-2016 
experiment, treatments were stored rhizomes, divisions of stored pots (each planted every 4 wks 
starting on 3 June 2015), and controls (actively growing plants cut ~15 cm above the soil surface 
on 3 June). In the 2016-2017 experiment, treatments included control pots cut ~15 cm above the 
soil surface that were compared with a sets of pots stored at 4 C and returned at 4-wk intervals 
from September to November to one greenhouse with 1 min d
-1
 decreasing photoperiod and to 
another greenhouse with a constant 13 h d
-1
 day length. Only genotypes that flowered were 
included in ANOVA analyses. Except for the residual term, empty cells indicate that model 
terms could not be tested due to lack of data. 
Experiment Model Term DF Mean squares F value Pr(>F) 
2014-2015 Genotype 3 1559.3 499.0 <0.001 
 
Treatment 1 648.0 207.4 <0.001 
 
Month 2 7617.4 2437.6 <0.001 
 
Genotype × Treatment 
    
 
Genotype × Month 3 1558.5 498.7 <0.001 
 
Treatment × Month 
    
 
Residuals 4 3.1 
  
      2015-2016 Genotype 14 4522.7 974.9 <0.001 
 
Treatment 2 67.6 14.6 <0.001 
 
Month 3 998.9 215.3 <0.001 
 
Genotype × Treatment 23 73.8 15.9 <0.001 
 
Genotype × Month 11 139.8 30.1 <0.001 
 
Treatment × Month 1 6.3 1.4 0.249 
 
Residuals 70 4.6   
      2016-2017 Genotype 3 5.0 0.3 0.828 
 
Treatment 1 578.0 34.4 <0.001 
 
Month 1 1.2 0.1 0.796 
 
Genotype × Treatment 1 13.5 0.8 0.393 
 
Genotype × Month 
    
 
Treatment × Month 
    
 
Residuals 9 16.8 
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Table 4.6 Effects of genotype, photoperiod, and their interactions on nine flowering and 
morphological traits of Miscanthus. Data were collected on 33 Miscanthus genotypes evaluated 
under three photoperiods (10 h, 12.5 h, 15 h) in controlled environment chambers.  
Trait Term DF Mean squares F Pr(>F) 
Days to first flagging Genotype 32 10833.5 66.2 <0.001 
 
Photoperiod 2 71082.7 434.4 <0.001 
 
Genotype × Photoperiod 19 1540.3 9.4 <0.001 
 
Residuals 86 163.6 
  Days to first flowering Genotype 32 8838.1 46.8 <0.001 
 
Photoperiod 2 84211.7 445.9 <0.001 
 
Genotype × Photoperiod 19 1759.7 9.3 <0.001 
 
Residuals 84 188.9 
  Culm length Genotype 32 18186.2 43.1 <0.001 
 
Photoperiod 2 229606.3 544.3 <0.001 
 
Genotype × Photoperiod 64 4530.7 10.7 <0.001 
 
Residuals 190 421.9 
  Leaf number per culm Genotype 32 140.4 13.7 <0.001 
 
Photoperiod 2 112.7 11.0 <0.001 
 
Genotype × Photoperiod 64 26.4 2.6 <0.001 
 
Residuals 190 10.3 
  Number of reproductive shoots Genotype 32 287.4 18.8 <0.001 
 
Photoperiod 2 3711.7 242.4 <0.001 
 
Genotype × Photoperiod 64 243.8 15.9 <0.001 
 
Residuals 190 15.3 
  Total number of culms Genotype 32 16168.4 29.2 <0.001 
 
Photoperiod 2 82253.1 148.7 <0.001 
 
Genotype × Photoperiod 64 3746.4 6.8 <0.001 
 
Residuals 190 553.2 
  Reproductive shoot ratio Genotype 32 0.0 5.7 <0.001 
 
Photoperiod 2 2.3 354.8 <0.001 
 
Genotype × Photoperiod 64 0.1 10.4 <0.001 
 
Residuals 190 0.0 
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Fig. 4.1. Miscanthus and Saccharum flowering time in a series of greenhouse experiments over three years. In each year (2014-
2016), plants were grown in a greenhouse that provided decreasing day length of 1 min d-1 via supplemental light from high 
intensity discharge (HID) lamps starting when natural day length reached 12.5 h in Urbana, IL (14 September; red vertical dashed 
line) until day length reached 11 h (13 December), then held constant until natural day length exceeded this value on 22 
February. In 2016, an additional set of Miscanthus plants were also grown in a second greenhouse at Urbana, IL, in which day 
length was held at a constant 13 h via supplemental HID lamps, starting on 2 September until natural day length exceeded this 
value on 9 April. The combinations of symbols and colors represent additional cultural treatments applied to Miscanthus pots, as 
shown in the legend. In 2014 pots of Miscanthus and Saccharum were established between 25 March to April 21; Miscanthus 
treatments included 1) cutting plants ~15 cm above the soil in September, December and January and allowing them to 
immediately regrow, 2) cutting the plants and storing them for 1 month at 4 C before returning them to the greenhouse to 
regrow, and 3) uncut controls. In 2015 all Saccharum pots were established on 2-3 June; Miscanthus treatments were 1) stored 
divisions (planted every 4 wks starting on 3 June 2015), 2) rhizomes (planted every 4 wks starting on 3 June 2015), and 3) 
controls (actively growing plants cut ~15 cm above the soil surface on 3 June). The 2016 experiment was initiated on 26-29 July; 
control pots of Miscanthus cut ~15 cm above the soil surface were compared with a set of pots stored at 4 C and returned at 4-
wk intervals from September to November to one greenhouse with 1 min d-1 decreasing photoperiod and to another greenhouse 
with a constant 13 h d-1 day length. Only genotypes that flowered in at least one of the experiments are shown. Grey shaded lines 
indicate that plant materials were not included in that year’s experiment. Over the three years, 23 Miscanthus genotypes including 
M. sinensis (Msi), M. sacchariflorus (Msa), M. ×giganteus (M×g), and M. floridulus (Mfl) flowered, and a total of 12 Saccharum 
accessions including nine commercial sugarcanes (S. hybr.), and two S. spontaneum (S. spon.) flowered. Saccharum 
arundinaceum (S. arund.) ‘UI11-00040’, ‘US 71-0122-01’, and the interspecific hybrid (Saccharum × Miscanthus) ‘Purple 
People Greeter’ also flowered, though these were grown in a separate greenhouse under natural day length. Flowering time was 
recorded weekly from August to April. 
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Fig. 4.2. Relationships between absolute value of latitude at collection site (x-axis) and date of 
first flowering (y-axis) for Miscanthus sacchariflorus (circles) and M. sinensis and M. floridulus 
(diamonds) genotypes when grown in a greenhouse at Urbana, IL that provided decreasing day 
length of 1 min d
-1
 via supplemental light from high intensity discharge (HID) lamps starting 
when natural day length reached 12.5 h (14 September). Experiments were conducted in three 
consecutive years: 2014-2015 (green), 2015-2016 (purple), and 2016-2017 (yellow).  
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Fig. 4.3. Effects of day length on days to first flag and days to first flower for 33 Miscanthus and two 
Sorghum bicolor genotypes grown in controlled environment chambers at constant 23 °C. The 
Miscanthus genotypes included 28 M. sinensis, 2 M. floridulus, 2 diploid M. ×giganteus, and 1 triploid M. 
×giganteus. The genotypes were evaluated for response to three day-length treatments: 15 h (orange 
data), 12.5 h (green data) and 10 h (blue data), respectively. In this figure, pattern-filled bars represent 
days to first flag leaf, and solid-filled bars represent days to first flowering. Note that some Miscanthus 
genotypes flagged but did not flower. Collection sites of the wild-collected genotypes are shown by their 
placement on the geographic map. Miscanthus genotype names are printed in colors representing six M. 
sinensis genetic groups identified by Clark et al. (2014, 2015), which included Korea/North China (red), 
Yangtze-Qinling (green), Northern Japan (blue), Southern Japan (yellow), Sichuan Basin (orange), and 
Southeastern China plus tropical (purple); for interspecific hybrids between M. sacchariflorus and M. 
sinensis, the dominant M. sinensis genetic group is shown. The inset boxplots depict variation among and 
within the three day-length treatments; treatments labeled with the same letter were not significantly 
different based on Tukey’s HSD test at α=0.05. The inset regression plots show linear relationships 
between traits and absolute values of latitude at collection sites for the 28 Miscanthus genotypes with 
geographical information. Note that short days typically advanced flowering up to some optimum, which 
differed for accessions from different latitudes of origin; higher latitude accessions failed to flower under 
10 and 12.5 h, whereas some low latitude accessions failed to flower under 15 h day length. Some M. 
sinensis accessions from between 20 to 25 N (PMS-226, PMS-359, and PMS-347) responded similarly 
to the three tested day lengths as the Sorghum bicolor short-day control (100M) but most Miscanthus 
accessions responded differently in part; all of the Miscanthus accessions responded differently than the 
S. bicolor day-neutral control (38M). 
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Fig. 4.4. Effects of day length on total number of culms (A), and reproductive shoot ratio (B) for 
33 Miscanthus and two Sorghum bicolor genotypes grown in controlled environment chambers 
at constant 23 °C. 
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Fig. 4.5. Effects of day length on culm length (A) and leaf number (B) for 33 Miscanthus and 
two Sorghum bicolor genotypes grown in controlled environment chambers at constant 23 °C. 
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Fig. 4.6. Photographs of plants from Japan at the end of the growth chamber experiments on the 
effect of day-length on Miscanthus. Plants were tested under each of three day lengths: 10, 12.5, 
and 15 h. Colored background behind Miscanthus genotype names represent the M. sinensis 
genetic groups identified by Clark et al. (2014, 2015), which included Northern Japan (blue) and 
Southern Japan (yellow). Representatives of each genetic group and a range of latitudes (in 
parentheses) are shown. In each photo, plant size is scaled by either a 20 cm ruler (black and 
white) or a 1 m stick (orange and white). Note that accessions originating from high latitudes 
typically remained short and had few or no flowering stems when grown under short days but 
were taller and flowered when grown under long days. 
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Fig. 4.7 Photographs of Miscanthus from Japan at the end of the growth chamber experiments on 
the effect of day-length on Miscanthus. Plants were tested under each of three day lengths: 10, 
12.5, and 15 h. Colored background behind Miscanthus genotype names represent six M. 
sinensis genetic groups identified by Clark et al. (2014, 2015), which included Korea/North 
China (red), Yangtze-Qinling (green), Northern Japan (blue), Southern Japan (yellow), Sichuan 
Basin (orange), and Southeastern China plus tropical (purple); for interspecific hybrids between 
M. sacchariflorus and M. sinensis, the dominant M. sinensis genetic group is shown. 
Representatives of each genetic group and a range of latitudes (in parentheses) are shown. Set A 
are accessions from Japan, set B are accessions from China, and set C are ornamental cultivars 
and controls. In each photo, plant size is scaled by either a 20 cm ruler (black and white) or a 1 m 
stick (orange and white). Note that accessions originating from high latitudes typically remained 
short and had few or no flowering stems when grown under short days but were taller and 
flowered when grown under long days. 
  
223 
 
 
Fig. 4.8 Photographs of ornamental cultivars, M×g ‘1993-1780’ and two sorghum controls at the 
end of the growth chamber experiments on the effect of day-length on Miscanthus. Plants were 
tested under each of three day lengths: 10, 12.5, and 15 h. Colored background behind 
Miscanthus genotype names represent the M. sinensis genetic groups identified by Clark et al. 
(2014, 2015), which included Korea/North China (red), Yangtze-Qinling (green), Northern Japan 
(blue), Southern Japan (yellow), Sichuan Basin (orange), and Southeastern China plus tropical 
(purple); for interspecific hybrids between M. sacchariflorus and M. sinensis (Nippon and M×g 
‘1993-1780’), the dominant M. sinensis genetic group is shown. In each photo, plant size is 
scaled by either a 20 cm ruler (black and white) or a 1 m stick (orange and white). Note that 
accessions originating from high latitudes typically remained short and had few or no flowering 
stems when grown under short days but were taller and flowered when grown under long days. 
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APPENDIX A 
SUPPLEMENTAL MATERIALS OF CHAPTER 2 
Table A.1 Principle component analysis summary of six flowering traits (first flagging date, first 
heading date, first flowering date, 50% flagging date, 50% heading date, 50% flowering date) for 
three diploid F1 Miscanthus populations established in a field trial with three clonal replications 
at Urbana, IL in 2011. Standard deviation, proportion of variance explained by each principle 
component, and cumulative proportion of variance explained are shown. 
Population Parameters PC1 PC2 PC3 PC4 PC5 PC6 
MapA Standard deviation 2.40 0.34 0.23 0.15 0.11 0.10 
 
Proportion of variance 0.96 0.02 0.01 0.00 0.00 0.00 
 
Cumulative proportion 0.96 0.98 0.99 1.00 1.00 1.00 
        MapB Standard deviation 2.22 0.68 0.46 0.45 0.34 0.31 
 
Proportion of variance 0.82 0.08 0.03 0.03 0.02 0.02 
 
Cumulative proportion 0.82 0.90 0.93 0.96 0.98 1.00 
        MapC Standard deviation 2.26 0.68 0.42 0.33 0.31 0.23 
 
Proportion of variance 0.85 0.08 0.03 0.02 0.02 0.01 
  Cumulative proportion 0.85 0.93 0.96 0.97 0.99 1.00 
MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis 
‘Cosmopolitan‘. 
 
Dataset A.1-A.8: http://onlinelibrary.wiley.com/doi/10.1111/gcbb.12472/full 
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Fig. A.1 The female and male genetic maps within each population. The three populations were 
MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis 
‘Cosmopolitan‘. (a) MapA female parent Miscanthus sacchariflorus ‘Robustus’ genetic map; (b) 
MapA male parent M. sinensis var. condensatus ‘Cosmopolitan’ genetic map; (c) MapB female 
parent M. sinensis var. condensatus ‘Cosmopolitan’ genetic map; (d) MapB male parent M. 
sinensis ‘Silberturm’ genetic map; (e) MapC female parent M. sinensis ‘November Sunset’ 
genetic map; (f) MapC male parent M. sinensis var. condensatus ‘Cosmopolitan’ genetic map. 
Horizontal axis represents each of 19 linkage groups, and vertical axis represents marker position 
in centimorgan (cM). 
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Fig. A.2 Genomic synteny between Miscanthus LGs and Sorghum bicolor chromosomes: (a) M. 
sinensis var. condensatus ‘Cosmopolitan’ and S. bicolor; (b) M. sacchariflorus ‘Robustus’ and S. 
bicolor; (c) M. sinensis ‘Silberturm’ and S. bicolor; (d) M. sinensis ‘November Sunset’ and S. 
bicolor. Horizontal axis shows genetic position of markers on 19 Miscanthus linkage groups, in 
centimorgan (cM); vertical axis shows map position of markers aligned to the 10 sorghum 
chromosomes, in base (bp). Each dot represents a single marker.   
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Fig. A.3 Marker collinearity between Miscanthus sinensis parental maps: (a) common parent M. 
sinensis var condensatus ‘Cosmopolitan’ genetic maps of three mapping populations. The three 
populations were MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. 
sinensis ‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. 
sinensis ‘Cosmopolitan‘. Blue bars, black bars, and red bars represent linkage groups of M. 
sinensis var condensatus ‘Cosmopolitan’ genetic map in MapA, MapB, MapC, respectively. 
Orange lines represent co-segregating markers between MapA and MapB, and green lines 
represent co-segregating markers between MapB and MapC; (b) Marker collinearity between M. 
sinensis ‘Silberturm’ genetic map and M. sinensis ‘November Sunset’ genetic map. Purple bars 
and darkgreen bars represent linkage groups of M. sinensis ‘Silberturm’ and M. sinensis 
‘November Sunset’ genetic maps, respectively. Orange lines represent co-segregating markers 
between two parental maps.
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Fig. A.4 Miscanthus sinensis consensus genetic map: (a) consensus genetic map of five M. 
sinensis parental maps for three diploid F1 Miscanthus populations (one map per parent, 
developed via the pseudo-testcross method for obligately outcrossing species). The three 
populations were MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. 
sinensis ‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. 
sinensis ‘Cosmopolitan‘. Horizontal axis represents each of 19 linkage groups, and vertical axis 
represents marker position in centimorgan (cM); (b) Map collinearity between M. sinensis 
consensus genetic map and five individual M. sinensis parental genetic maps. Horizontal axis 
represents marker positions of 19 linkage groups in each of five parental maps. Vertical axis 
represents marker positions of 19 linkage groups in M. sinensis consensus genetic map.  
233 
 
 
Fig. A.5 MapA derived F2 genetic map and its collinearity with Miscanthus sinensis consensus 
map and M. sacchariflorus ‘Robustus’ map: (a) Genetic map of MapA derived F2 population 
(MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘). Horizontal axis represents 
each of 19 linkage groups, and vertical axis represents marker position in centimorgan (cM); (b) 
Marker collinearity among M. sinensis consensus genetic map, MapA derived F2 map and M. 
sacchariflorus ‘Robustus’ genetic map. Blue bars, maroon bars and green bars represent linkage 
groups of M. sinensis consensus genetic map, MapA derived F2 map and M. sacchariflorus 
‘Robustus’ genetic map, respectively. Blue line and green line show co-segregating markers 
between MapA derived F2 map and M. sinensis consensus map and M. sacchariflorus ‘Robustus’ 
map, respectively. Orange lines show co-segregating markers between M. sinensis consensus 
genetic map and M. sacchariflorus ‘Robustus’ map.  
234 
 
 
Fig. A.6 Localization of 288 QTLs identified on each of six parental genetic maps in 2012 and 
2013 using composite interval mapping. QTLs identified on each of six parental genetic maps 
were projected on the consensus genetic map. Phenotypic data were from three diploid F1 
Miscanthus populations (MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; 
MapB: M. sinensis ‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November 
Sunset‘× M. sinensis ‘Cosmopolitan‘) established in a field trial with three clonal replications at 
Urbana, IL in 2011. Horizontal axis represents marker position on each linkage group. Colored 
bars represent confidence intervals of QTLs, dots and stars show peak position of QTLs 
identified in 2012 and 2013, respectively.  
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Fig. A.7 Localization of 264 QTLs identified on each of six parental genetic maps in 2012 and 
2013 using stepwise regression. QTLs identified on each of six parental genetic maps were 
projected on the consensus genetic map. Phenotypic data were from three diploid F1 Miscanthus 
populations (MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. 
sinensis ‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. 
sinensis ‘Cosmopolitan‘) established in a field trial with three clonal replications at Urbana, IL in 
2011. Horizontal axis represents marker position on each linkage group. Colored bars represent 
confidence intervals of QTLs, dots and stars show peak position of QTLs identified in 2012 and 
2013, respectively.  
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Fig. A.8 Localization of 133 QTLs identified in consensus map single-population stepwise 
analysis and 109 QTLs identified in joint-population stepwise analysis in 2012 and 2013. 
Phenotypic data were from three diploid F1 Miscanthus populations (MapA: M. sacchariflorus 
‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis ‘Cosmopolitan‘× M. sinensis 
‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis ‘Cosmopolitan‘) established in 
a field trial with three clonal replications at Urbana, IL in 2011. Horizontal axis represents 
marker position on each linkage group. Colored bars represent confidence intervals of QTLs, 
dots and stars show peak position of QTLs identified in 2012 and 2013, respectively. 
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Fig. A.9 Localization of 59 common meta-QTLs identified in four QTL-identification strategies: 
1) individual parental map composite interval map analysis, 2) individual parental map stepwise 
analysis, 3) consensus map single-population stepwise analysis, and 4) consensus map joint- 
population stepwise analysis. Phenotypic data were from three diploid F1 Miscanthus populations 
(MapA: M. sacchariflorus ‘Robustus‘ × M. sinensis ‘Cosmopolitan‘; MapB: M. sinensis 
‘Cosmopolitan‘× M. sinensis ‘Silberturm‘; MapC: M. sinensis ‘November Sunset‘× M. sinensis 
‘Cosmopolitan‘) established in a field trial with three clonal replications at Urbana, IL in 2011. 
Horizontal axis represents marker position on the consensus genetic map. Colored bars represent 
confidence intervals of QTLs, and dots show peak positions of QTLs. 
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APPENDIX B 
SUPPLEMENTAL MATERIALS OF CHAPTER 3 
Table B.1 Analyses of variance (ANOVAs) of each adaptation trait in 2013 and 2014 among 
thirteen control genotypes. The 2013 traits include spring regrowth date, autumn frost damage, 
autumn dormancy date, and growing days. The 2014 traits include hardiness and vigor score in 
both May and June, and the overwintering ability. 
Trait Term DF Mean squares F value Pr(>F) 
Spring regrowth date Population 2 57.325 5.9346 0.039 
 
Genotype 12 50.986 5.2783 0.000 
 
Residuals 86 9.659 
  Autumn frost damage Population 2 1.7142 2.97 0.056 
 
Genotype 12 8.4686 14.672 0.000 
 
Residuals 88 0.5772 
  Autumn dormancy date Population 2 46.55 2.0711 0.132 
 
Genotype 12 1418.18 63.0957 0.000 
 
Residuals 86 22.48 
  Growing days Population 2 242.3 7.3488 0.001 
 
Genotype 12 1346.14 40.8272 0.000 
 
Residuals 85 32.97 
  May Hardiness Population 2 96 0.2828 0.754 
 
Genotype 12 7312.2 21.5344 0.000 
 
Residuals 87 339.6 
  June Hardiness Population 2 2829.5 2.9823 0.056 
 
Genotype 12 6707.1 7.0692 0.000 
 
Residuals 87 948.8 
  May Vigor Population 2 7.686 6.5187 0.003 
 
Genotype 11 47.21 40.0381 0.000 
 
Residuals 62 1.179 
  June Vigor Population 2 1.006 0.2818 0.755 
 
Genotype 12 47.652 13.3468 0.000 
 
Residuals 76 3.57 
  OWA Population 2 2.31E-01 2.7396 0.070 
 
Genotype 12 2.27E-01 2.6973 0.004 
 
Residuals 88 8.42E-02 
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Table B.2 Summary statistics of the 13 in-common control genotypes of each adaptation trait in 2013 and 2014 among thirteen 
control genotypes. The 2013 traits include spring regrowth date, autumn frost damage, autumn dormancy date, and growing days. The 
2014 traits include hardiness and vigor score in both May and June, and the overwintering ability. 
2013 Traits Spring regrowth date 
 
Autumn frost damage Autumn dormancy date Growing days 
 
 
Entry Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
 
  
M. ×giganteus '1993-1780' 111 0.9 
 
2.8 0.31 
 
308 0.6 
 
197 0.3 
 
  
M. sacchariflorus 'Robustus' 110 0.8 
 
0.0 0.00 
 
269 1.9 
 
159 2.0 
 
  
M. sinensis 'Adagio' 109 0.0 
 
0.0 0.00 
 
316 1.7 
 
207 1.7 
 
  
M. sinensis 'Autumn Light' 110 0.8 
 
0.2 0.14 
 
311 1.8 
 
201 2.0 
 
  
M. sinensis 'Goliath' 109 0.0 
 
2.6 0.40 
 
308 2.4 
 
199 2.4 
 
  
M. sinensis 'Gracillimus' 109 0.2 
 
0.1 0.10 
 
317 0.7 
 
208 0.8 
 
  
M. sinensis 'Kaskade' (Bluemel) 110 0.7 
 
0.8 0.34 
 
315 1.0 
 
206 1.0 
 
  
M. sinensis 'November Sunset' 109 0.0 
 
0.4 0.17 
 
311 1.2 
 
202 1.2 
 
  
M. sinensis 'Sarabande' 117 2.2 
 
0.0 0.00 
 
315 1.0 
 
198 2.8 
 
  
M. sinensis 'Silberturm' (Silver Tower) 110 1.1 
 
1.2 0.66 
 
318 0.0 
 
208 1.1 
 
  
M. sinensis var condensatus 'Cosmopolitan' 116 2.8 
 
1.7 0.27 
 
318 0.0 
 
202 2.8 
 
  
M. sinensis 'Variegatus' 109 0.0 
 
1.3 0.29 
 
313 2.1 
 
204 2.1 
 
  
M. sinensis 'Zebrinus' 110 0.6 
 
2.2 0.26 
 
310 2.4 
 
201 2.8 
 
  
 
2014 Traits May hardiness 
 
June hardiness 
 
May vigor 
 
June vigor 
 
Overwintering ability 
Entry Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
M. ×giganteus '1993-1780' 74.4 5.47 
 
100.0 0.00 
 
4.1 0.55 
 
1.0 0.00 
 
1.0 0.00 
M. sacchariflorus 'Robustus' 100.0 0.00 
 
100.0 0.00 
 
1.0 0.00 
 
1.0 0.00 
 
1.0 0.00 
M. sinensis 'Adagio' 18.3 12.11 
 
38.3 18.01 
 
6.0 0.71 
 
6.5 1.30 
 
0.7 0.19 
M. sinensis 'Autumn Light' 7.8 1.39 
 
43.3 9.94 
 
9.0 0.00 
 
7.8 0.49 
 
0.9 0.10 
M. sinensis 'Goliath' 25.0 6.12 
 
71.7 16.74 
 
7.8 0.44 
 
2.6 1.04 
 
0.7 0.17 
M. sinensis 'Gracillimus' 13.3 3.51 
 
75.6 10.90 
 
8.8 0.23 
 
5.9 0.64 
 
1.0 0.00 
M. sinensis 'Kaskade' (Bluemel) 26.3 11.17 
 
82.5 11.28 
 
8.0 0.62 
 
4.8 0.82 
 
1.0 0.00 
M. sinensis 'November Sunset' 16.7 4.16 
 
61.1 12.90 
 
8.3 0.34 
 
6.3 0.61 
 
0.9 0.10 
M. sinensis 'Sarabande' 8.3 2.81 
 
31.7 14.42 
 
9.0 0.00 
 
8.0 0.87 
 
0.7 0.19 
M. sinensis 'Silberturm' (Silver Tower) 46.0 18.24 
 
70.0 16.97 
 
6.3 1.09 
 
6.2 1.21 
 
1.0 0.00 
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Table B.2 (cont.) 
2014 Trait May hardiness  June hardiness  May vigor  June vigor  Overwintering ability 
Entry Mean SE  Mean SE  Mean SE  Mean SE  Mean SE 
M. sinensis var condensatus 'Cosmopolitan' 0.0 0.00 
 
5.6 1.66 
 
9.0 0.00 
 
9.0 0.00 
 
0.6 0.17 
M. sinensis 'Variegatus' 13.8 2.46 
 
90.0 5.86 
 
8.8 0.23 
 
5.0 0.71 
 
1.0 0.00 
M. sinensis 'Zebrinus' 15.6 4.19 
 
55.6 12.08 
 
8.4 0.34 
 
7.0 0.63 
 
1.0 0.00 
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Table B.3 Source information of 564 M. sinensis accessions tested at five field trial locations. 
Accession Species Cultivar DAPC group 
DAPC 
group color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
UI10-00072 M. sinensis x M. sacchariflorus Mt. Washington US ornamental cultivars yellow3 
    
UI10-00040 M. sinensis x M. sacchariflorus BC Ferner Osten (Far East) US ornamental cultivars yellow3 
    
UI10-00074 M. sinensis x M. sacchariflorus BC Nippon US ornamental cultivars yellow3 
    
UI10-00035 M. sinensis x M. sacchariflorus BC Burgander US ornamental cultivars yellow3 
    
UI10-00021 M. sinensis x M. sacchariflorus BC Allegro US ornamental cultivars yellow3 
    
UI12-00001 M. sinensis x M. sacchariflorus BC Zwergelefant US ornamental cultivars yellow3 
    
UI10-00042 M. sinensis x M. sacchariflorus BC Giraffe US ornamental cultivars yellow3 
    
UI10-00104 M. sinensis x M. sacchariflorus BC Zwergzebra US ornamental cultivars yellow3 
    
UI10-00089 M. sinensis x M. sacchariflorus BC Sirene US ornamental cultivars yellow3 
    
UI10-00057 M. sinensis x M. sacchariflorus BC Huron Sentinel US ornamental cultivars yellow3 
    
UI10-00081 M. sinensis x M. sacchariflorus BC Roter Pfeil US ornamental cultivars yellow3 
    
UI10-00058 M. sinensis x M. sacchariflorus BC Huron Sunrise US ornamental cultivars yellow3 
    
UI11-00009 M. sinensis x M. sacchariflorus BC Positano US ornamental cultivars yellow3 
    
UI10-00078 M. sinensis x M. sacchariflorus BC Puenktchen US ornamental cultivars yellow3 
    
UI10-00027 M. sinensis x M. sacchariflorus BC Ben Rotkopf US ornamental cultivars yellow3 
    
UI10-00064 M. sinensis x M. sacchariflorus BC Kleine Silberspinne (Little Silver Spider) US ornamental cultivars yellow3 
    
UI10-00096 M. sinensis x M. sacchariflorus BC Undine US ornamental cultivars yellow3 
    
UI10-00031 M. sinensis x M. sacchariflorus BC Bluetenwunder US ornamental cultivars yellow3 
    
UI10-00039 M. sinensis x M. sacchariflorus BC Emmanuel LePage US ornamental cultivars yellow3 
    
UI10-00099 M. sinensis x M. sacchariflorus BC Wetterfahne US ornamental cultivars yellow3 
    
UI10-00052 M. sinensis x M. sacchariflorus BC Graziella US ornamental cultivars yellow3 
    
UI10-00029 M. sinensis x M. sacchariflorus BC Bitsy Ben US ornamental cultivars yellow3 
    
UI10-00067 M. sinensis x M. sacchariflorus BC Little Zebra US ornamental cultivars yellow3 
    
UI10-00056 M. sinensis x M. sacchariflorus BC Huron Blush US ornamental cultivars yellow3 
    
UI10-00070 M. sinensis x M. sacchariflorus BC Minuette US ornamental cultivars yellow3 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
UI10-00090 M. sinensis x M. sacchariflorus BC Stardust US ornamental cultivars yellow3 
    
UI10-00044 M. sinensis x M. sacchariflorus BC Gold Bar US ornamental cultivars yellow3 
    
UI10-00063 M. sinensis x M. sacchariflorus BC Kleine Fontaine US ornamental cultivars yellow3 
    
UI10-00082 M. sinensis x M. sacchariflorus BC Rotsilber US ornamental cultivars yellow3 
    
UI10-00026 M. sinensis x M. sacchariflorus BC Ben Graz US ornamental cultivars yellow3 
    
UI10-00023 M. sinensis x M. sacchariflorus BC Andante US ornamental cultivars yellow3 
    
UI10-00073 M. sinensis x M. sacchariflorus BC Mysterious Maiden US ornamental cultivars yellow3 
    
UI10-00097 M. sinensis Variegatus US ornamental cultivars yellow3 
    
UI10-00048 M. sinensis Gracillimus US ornamental cultivars yellow3 
    
UI10-00071 M. sinensis Morning Light US ornamental cultivars yellow3 
    
UI10-00084 M. sinensis Silberfeder (Silver Feather) US ornamental cultivars yellow3 
    
UI10-00086 M. sinensis Silberfeil (Silver Arrow) US ornamental cultivars yellow3 
    
UI10-00025 M. sinensis Autumn Light US ornamental cultivars yellow3 
    
UI10-00036 M. sinensis Dixieland US ornamental cultivars yellow3 
    
UI10-00061 M. sinensis Kaskade US ornamental cultivars yellow3 
    
UI10-00053 M. sinensis Grosse Fontaine US ornamental cultivars yellow3 
    
UI10-00075 M. sinensis November Sunset US ornamental cultivars yellow3 
    
UI10-00033 M. sinensis Border Bandit US ornamental cultivars yellow3 
    
UI10-00079 M. sinensis Rigoletto US ornamental cultivars yellow3 
    
UI10-00092 M. sinensis Strictus US ornamental cultivars yellow3 
    
UI10-00083 M. sinensis Sarabande US ornamental cultivars yellow3 
    
UI10-00051 M. sinensis Gracillimus Nana US ornamental cultivars yellow3 
    
UI10-00043 M. sinensis Gold and Silver US ornamental cultivars yellow3 
    
UI10-00087 M. sinensis Silberspinne (Silver Spider) US ornamental cultivars yellow3 
    
UI10-00066 M. sinensis Little Nickey (syn. Hinjo) US ornamental cultivars yellow3 
    
UI10-00017 M. sinensis var. condensatus condensatus US ornamental cultivars yellow3 
    
UI10-00060 M. sinensis July (Juli) US ornamental cultivars yellow3 
    
UI10-00094 M. sinensis Super Stripe US ornamental cultivars yellow3 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
UI12-00002 M. sinensis Malepartus US ornamental cultivars yellow3 
    
UI10-00032 M. sinensis Bodacious Ben US ornamental cultivars yellow3 
    
UI10-00100 M. sinensis Yaku Jima US ornamental cultivars yellow3 
    
UI10-00101 M. sinensis Yaku Jima Dwarf US ornamental cultivars yellow3 
    
UI10-00024 M. sinensis Arabesque US ornamental cultivars yellow3 
    
UI10-00062 M. sinensis Kirk Alexander US ornamental cultivars yellow3 
    
UI11-00024 M. sinensis Flamingo US ornamental cultivars yellow3 
    
UI10-00020 M. sinensis Adagio US ornamental cultivars yellow3 
    
UI10-00065 M. sinensis Little Kitten US ornamental cultivars yellow3 
    
UI10-00080 M. sinensis Roland US ornamental cultivars yellow3 
    
UI10-00088 M. sinensis Silberturm (Silver Tower) US ornamental cultivars yellow3 
    
UI10-00028 M. sinensis Berlin US ornamental cultivars yellow3 
    
UI10-00045 M. sinensis Goldfeder US ornamental cultivars yellow3 
    
UI10-00015 M. sinensis var. condensatus Cosmopolitan US ornamental cultivars yellow3 
    
UI10-00012 M. sinensis var. condensatus Cabaret US ornamental cultivars yellow3 
    
UI10-00038 M. sinensis var. condensatus Emerald Shadow US ornamental cultivars yellow3 
    
UI10-00022 M. sinensis Altweibersommer US ornamental cultivars yellow3 
    
UI10-00054 M. sinensis Haiku US ornamental cultivars yellow3 
    
UI10-00030 M. sinensis Blondo US ornamental cultivars yellow3 
    
UI10-00106 M. sinensis var. transmorrisonensis 
 
US ornamental cultivars yellow3 
    
UI10-00047 M. sinensis Goliath US ornamental cultivars yellow3 
    
UI10-00102 M. sinensis Zebrinus US ornamental cultivars yellow3 
    
UI10-00085 M. sinensis Silberfeder US ornamental cultivars yellow3 
    
DC-2010-001 A M. sinensis 
 
US naturalized populations yellow4 38.94 -77.05 48 7 
DC-2010-001 E M. sinensis 
 
US naturalized populations yellow4 38.94 -77.05 48 7 
KY-2009-001-B(20)-b M. sinensis 
 
US naturalized populations yellow4 37.80 -83.66 394 7 
KY-2009-001-B(20)-e M. sinensis 
 
US naturalized populations yellow4 37.80 -83.66 394 7 
KY-2009-001 C M. sinensis 
 
US naturalized populations yellow4 37.80 -83.66 394 7 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
KY-2009-001 D M. sinensis 
 
US naturalized populations yellow4 37.80 -83.66 394 7 
NC-2010-001-009 M. sinensis 
 
US naturalized populations yellow4 35.53 -82.55 698 7 
NC-2010-001-010 M. sinensis 
 
US naturalized populations yellow4 35.53 -82.55 698 7 
NC-2010-001 B M. sinensis 
 
US naturalized populations yellow4 35.53 -82.55 698 7 
NC-2010-001-B(44)-e M. sinensis 
 
US naturalized populations yellow4 35.53 -82.55 698 7 
NC-2010-001.5-B(18)-
a M. sinensis 
 
US naturalized populations yellow4 35.55 -82.57 572 7 
NC-2010-001.5-B(18)-
b M. sinensis 
 
US naturalized populations yellow4 35.55 -82.57 572 7 
NC-2010-001.5 C M. sinensis 
 
US naturalized populations yellow4 35.55 -82.57 572 7 
NC-2010-002-001 M. sinensis 
 
US naturalized populations yellow4 35.84 -82.62 659 7 
NC-2010-002-002 M. sinensis 
 
US naturalized populations yellow4 35.84 -82.62 659 7 
NC-2010-003-001 M. sinensis 
 
US naturalized populations yellow4 35.59 -82.57 612 7 
NC-2010-003-B(50)-a M. sinensis 
 
US naturalized populations yellow4 35.59 -82.57 612 7 
NC-2010-003-B(50)-b M. sinensis 
 
US naturalized populations yellow4 35.59 -82.57 612 7 
NC-2010-003 D M. sinensis 
 
US naturalized populations yellow4 35.59 -82.57 612 7 
NC-2010-003 E M. sinensis 
 
US naturalized populations yellow4 35.59 -82.57 612 7 
NC-2010-004-B(37)-b M. sinensis 
 
US naturalized populations yellow4 35.76 -82.54 665 7 
NC-2010-004-B(37)-d M. sinensis 
 
US naturalized populations yellow4 35.76 -82.54 665 7 
NC-2010-004 E M. sinensis 
 
US naturalized populations yellow4 35.76 -82.54 665 7 
OH-2009-001-B(20)-b M. sinensis 
 
US naturalized populations yellow4 39.48 -81.30 333 7 
OH-2009-001-B(20)-d M. sinensis 
 
US naturalized populations yellow4 39.48 -81.30 333 7 
PA-2010-001-005 M. sinensis 
 
US naturalized populations yellow4 40.08 -75.48 73 7 
PA-2010-001-B(63)-a M. sinensis 
 
US naturalized populations yellow4 40.08 -75.48 73 7 
PA-2010-001-B(63)-c M. sinensis 
 
US naturalized populations yellow4 40.08 -75.48 73 7 
PA-2010-002-004 M. sinensis 
 
US naturalized populations yellow4 39.95 -75.39 38 7 
PA-2010-002-013 M. sinensis 
 
US naturalized populations yellow4 39.95 -75.39 38 7 
PA-2010-002-015 M. sinensis 
 
US naturalized populations yellow4 39.95 -75.39 38 7 
PA-2010-002-B(3)-b M. sinensis 
 
US naturalized populations yellow4 39.95 -75.39 38 7 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PA-2010-002-B(3)-d M. sinensis 
 
US naturalized populations yellow4 39.95 -75.39 38 7 
PA-2010-002 E M. sinensis 
 
US naturalized populations yellow4 39.95 -75.39 38 7 
PA-2010-003-B(20)-b M. sinensis 
 
US naturalized populations yellow4 39.96 -75.40 92 7 
PA-2010-003-B(20)-c M. sinensis 
 
US naturalized populations yellow4 39.96 -75.40 92 7 
VA-2010-001-022 M. sinensis 
 
US naturalized populations yellow4 38.55 -77.36 63 7 
VA-2010-001-B(40)-e M. sinensis 
 
US naturalized populations yellow4 38.55 -77.36 63 7 
Akeno M. sinensis Akeno Southern Japan yellow 
    
Gunma M. sinensis Gunma Southern Japan yellow 
    
Shiozuka M. sinensis Shiozuka Southern Japan yellow 
    
JM0058.001 M. sinensis 
 
Southern Japan yellow 42.60 140.65 9 7 
JM0058.003 M. sinensis 
 
Southern Japan yellow 42.60 140.65 9 7 
JM0091.001 M. sinensis 
 
Southern Japan yellow 36.56 139.56 297 7 
JM0091.002 M. sinensis 
 
Southern Japan yellow 36.56 139.56 297 7 
JM0094.001 M. sinensis 
 
Southern Japan yellow 36.05 138.46 1103 6 
JM0094.003 M. sinensis 
 
Southern Japan yellow 36.05 138.46 1103 6 
JM0098.001 M. sinensis 
 
Southern Japan yellow 35.47 138.29 1375 7 
JM0098.002 M. sinensis 
 
Southern Japan yellow 35.47 138.29 1375 7 
JM0099.001 M. sinensis 
 
Southern Japan yellow 35.47 138.29 740 7 
JM0118.001 M. sinensis 
 
Southern Japan yellow 33.57 133.39 208 8 
JM0118.003 M. sinensis 
 
Southern Japan yellow 33.57 133.39 208 8 
JM0119.001 M. sinensis 
 
Southern Japan yellow 33.56 133.38 244 8 
JM0119.002 M. sinensis 
 
Southern Japan yellow 33.56 133.38 244 8 
JM0125.001 M. sinensis 
 
Southern Japan yellow 31.53 131.24 62 10 
JM0229.001 M. sinensis 
 
Southern Japan yellow 34.75 136.52 10 8 
JM0229.002 M. sinensis 
 
Southern Japan yellow 34.75 136.52 10 8 
JM0232.001 M. sinensis 
 
Southern Japan yellow 35.05 133.72 400 8 
JM0232.002 M. sinensis 
 
Southern Japan yellow 35.05 133.72 400 8 
JM0233.002 M. sinensis 
 
Southern Japan yellow 34.40 132.71 169 9 
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JM0239.001 M. sinensis 
 
Southern Japan yellow 36.00 138.12 1120 6 
JM0239.002 M. sinensis 
 
Southern Japan yellow 36.00 138.12 1120 6 
JM0361.001 M. sinensis 
 
Southern Japan yellow 33.02 131.06 842 8 
JM0361.002 M. sinensis 
 
Southern Japan yellow 33.02 131.06 842 8 
JM0362.001 M. sinensis 
 
Southern Japan yellow 32.71 131.30 241 7 
JM0362.002 M. sinensis 
 
Southern Japan yellow 32.71 131.30 241 7 
Morioka M. sinensis Morioka Northern Japan blue 
    
JM0001.001 M. sinensis 
 
Northern Japan blue 44.20 142.05 375 7 
JM0001.002 M. sinensis 
 
Northern Japan blue 44.20 142.05 375 7 
JM0001.003 M. sinensis 
 
Northern Japan blue 44.20 142.05 375 7 
JM0022.001 M. sinensis 
 
Northern Japan blue 43.38 141.89 64 5 
JM0022.002 M. sinensis 
 
Northern Japan blue 43.38 141.89 64 5 
JM0022.003 M. sinensis 
 
Northern Japan blue 43.38 141.89 64 5 
JM0026.001 M. sinensis 
 
Northern Japan blue 43.32 141.52 32 6 
JM0026.002 M. sinensis 
 
Northern Japan blue 43.32 141.52 32 6 
JM0026.003 M. sinensis 
 
Northern Japan blue 43.32 141.52 32 6 
JM0034.001 M. sinensis 
 
Northern Japan blue 43.18 141.31 8 6 
JM0040.003 M. sinensis 
 
Northern Japan blue 43.04 141.29 145 6 
JM0045.002 M. sinensis 
 
Northern Japan blue 43.21 140.94 56 7 
JM0047.001 M. sinensis 
 
Northern Japan blue 43.30 140.55 133 8 
JM0047.002 M. sinensis 
 
Northern Japan blue 43.30 140.55 133 8 
JM0048.001 M. sinensis 
 
Northern Japan blue 43.33 140.36 71 8 
JM0050.002 M. sinensis 
 
Northern Japan blue 42.95 140.56 168 8 
JM0050.003 M. sinensis 
 
Northern Japan blue 42.95 140.56 168 8 
JM0051.002 M. sinensis 
 
Northern Japan blue 42.84 140.65 293 6 
JM0051.003 M. sinensis 
 
Northern Japan blue 42.84 140.65 293 6 
JM0055.001 M. sinensis 
 
Northern Japan blue 42.40 140.30 5 8 
JM0055.002 M. sinensis 
 
Northern Japan blue 42.40 140.30 5 8 
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JM0057.001 M. sinensis 
 
Northern Japan blue 42.47 140.20 126 8 
JM0057.002 M. sinensis 
 
Northern Japan blue 42.47 140.20 126 8 
JM0059.001 M. sinensis 
 
Northern Japan blue 42.56 140.80 204 7 
JM0059.002 M. sinensis 
 
Northern Japan blue 42.56 140.80 204 7 
JM0061.002 M. sinensis 
 
Northern Japan blue 42.78 140.80 268 6 
JM0062.001 M. sinensis 
 
Northern Japan blue 41.72 141.01 22 9 
JM0062.002 M. sinensis 
 
Northern Japan blue 41.72 141.01 22 9 
JM0062.003 M. sinensis 
 
Northern Japan blue 41.72 141.01 22 9 
JM0069.001 M. sinensis 
 
Northern Japan blue 41.40 140.22 0 9 
JM0069.002 M. sinensis 
 
Northern Japan blue 41.40 140.22 0 9 
JM0075.002 M. sinensis 
 
Northern Japan blue 41.98 140.67 130 8 
JM0076.001 M. sinensis 
 
Northern Japan blue 42.07 140.80 11 8 
JM0076.002 M. sinensis 
 
Northern Japan blue 42.07 140.80 11 8 
JM0079.002 M. sinensis 
 
Northern Japan blue 43.62 144.45 167 5 
JM0085.001 M. sinensis 
 
Northern Japan blue 39.44 141.07 128 6 
JM0085.002 M. sinensis 
 
Northern Japan blue 39.44 141.07 128 6 
JM0085.003 M. sinensis 
 
Northern Japan blue 39.44 141.07 128 6 
JM0093.001 M. sinensis 
 
Northern Japan blue 36.05 138.46 1102 6 
JM0096.002 M. sinensis 
 
Northern Japan blue 35.91 138.41 1282 6 
JM0118.002 M. sinensis 
 
Northern Japan blue 33.57 133.39 208 8 
JM0134.002 M. sinensis 
 
Northern Japan blue 32.42 131.18 1067 8 
JM0216.001 M. sinensis 
 
Northern Japan blue 44.22 142.05 200 7 
JM0216.002 M. sinensis 
 
Northern Japan blue 44.22 142.05 200 7 
JM0220.001 M. sinensis 
 
Northern Japan blue 41.45 140.08 30 9 
JM0295.001 M. sinensis 
 
Northern Japan blue 42.50 141.27 8 8 
JM0295.002 M. sinensis 
 
Northern Japan blue 42.50 141.27 8 8 
JM0296.001 M. sinensis 
 
Northern Japan blue 42.50 141.15 222 8 
JM0296.002 M. sinensis 
 
Northern Japan blue 42.50 141.15 222 8 
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JM0297.001 M. sinensis 
 
Northern Japan blue 42.50 141.15 220 8 
JM0298.001 M. sinensis 
 
Northern Japan blue 42.50 141.15 214 8 
JM0298.002 M. sinensis 
 
Northern Japan blue 42.50 141.15 214 8 
JM0300.001 M. sinensis 
 
Northern Japan blue 42.31 140.99 51 8 
JM0300.002 M. sinensis 
 
Northern Japan blue 42.31 140.99 51 8 
JM0303.002 M. sinensis 
 
Northern Japan blue 42.55 140.79 87 7 
JM0304.001 M. sinensis 
 
Northern Japan blue 42.55 140.80 164 7 
JM0304.002 M. sinensis 
 
Northern Japan blue 42.55 140.80 164 7 
JM0307.001 M. sinensis 
 
Northern Japan blue 42.58 140.46 3 7 
JM0308.002 M. sinensis 
 
Northern Japan blue 42.58 140.46 2 7 
JM0310.001 M. sinensis 
 
Northern Japan blue 42.54 140.86 312 8 
JM0310.002 M. sinensis 
 
Northern Japan blue 42.54 140.86 312 8 
JM0311.001 M. sinensis 
 
Northern Japan blue 42.54 140.86 309 8 
JM0311.002 M. sinensis 
 
Northern Japan blue 42.54 140.86 309 8 
JM0315.001 M. sinensis 
 
Northern Japan blue 42.54 140.86 257 8 
JM0315.002 M. sinensis 
 
Northern Japan blue 42.54 140.86 257 8 
JM0317.001 M. sinensis 
 
Northern Japan blue 42.86 140.69 365 6 
JM0317.002 M. sinensis 
 
Northern Japan blue 42.86 140.69 365 6 
JM0318.001 M. sinensis 
 
Northern Japan blue 42.87 140.60 556 6 
JM0318.002 M. sinensis 
 
Northern Japan blue 42.87 140.60 556 6 
JM0319.001 M. sinensis 
 
Northern Japan blue 42.87 140.60 555 6 
JM0319.002 M. sinensis 
 
Northern Japan blue 42.87 140.60 555 6 
JM0325.001 M. sinensis 
 
Northern Japan blue 43.39 141.58 59 6 
JM0325.002 M. sinensis 
 
Northern Japan blue 43.39 141.58 59 6 
JM0326.001 M. sinensis 
 
Northern Japan blue 43.32 141.81 14 6 
JM0341.002 M. sinensis 
 
Northern Japan blue 43.61 142.46 279 5 
JM0342.001 M. sinensis 
 
Northern Japan blue 43.51 142.58 418 5 
JM0346.001 M. sinensis 
 
Northern Japan blue 42.64 143.13 222 6 
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JM0346.002 M. sinensis 
 
Northern Japan blue 42.64 143.13 222 6 
JM0347.001 M. sinensis 
 
Northern Japan blue 43.24 143.08 774 4 
JM0353.001 M. sinensis 
 
Northern Japan blue 42.05 143.31 1 9 
JM0353.002 M. sinensis 
 
Northern Japan blue 42.05 143.31 1 9 
JM0358.001 M. sinensis 
 
Northern Japan blue 42.13 142.90 2 9 
KMS005 M. sinensis 
 
Korea/N China red 37.35 128.72 448 6 
KMS008 M. sinensis 
 
Korea/N China red 36.70 127.01 195 8 
KMS011 M. sinensis 
 
Korea/N China red 37.74 128.36 671 6 
KMS014 M. sinensis 
 
Korea/N China red 37.14 127.70 583 7 
KMS016 M. sinensis 
 
Korea/N China red 36.82 129.09 718 6 
KMS020 M. sinensis 
 
Korea/N China red 36.70 127.92 479 7 
KMS024 M. sinensis 
 
Korea/N China red 35.89 127.36 531 7 
KMS030 M. sinensis 
 
Korea/N China red 35.90 127.75 610 7 
KMS031 M. sinensis 
 
Korea/N China red 37.26 128.48 475 6 
KMS034 M. sinensis 
 
Korea/N China red 37.64 129.02 90 5 
KMS036 M. sinensis 
 
Korea/N China red 37.20 129.04 384 6 
KMS038 M. sinensis 
 
Korea/N China red 37.20 128.95 881 6 
KMS039 M. sinensis 
 
Korea/N China red 37.95 127.42 454 7 
KMS040 M. sinensis 
 
Korea/N China red 37.98 127.53 470 6 
KMS042 M. sinensis 
 
Korea/N China red 38.20 128.56 63 6 
KMS044 M. sinensis 
 
Korea/N China red 38.19 128.01 427 6 
KMS045 M. sinensis 
 
Korea/N China red 38.26 128.36 512 6 
KMS046 M. sinensis 
 
Korea/N China red 38.18 127.67 211 6 
KMS048 M. sinensis 
 
Korea/N China red 38.22 127.49 320 6 
KMS049 M. sinensis 
 
Korea/N China red 37.94 128.07 315 6 
KMS050 M. sinensis 
 
Korea/N China red 38.08 128.45 374 6 
KMS051 M. sinensis 
 
Korea/N China red 35.26 128.98 6 8 
KMS054 M. sinensis 
 
Korea/N China red 35.68 128.44 16 7 
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KMS055 M. sinensis 
 
Korea/N China red 35.71 128.41 53 7 
KMS056 M. sinensis 
 
Korea/N China red 37.04 128.24 293 7 
KMS058 M. sinensis 
 
Korea/N China red 35.22 128.96 3 8 
KMS059 M. sinensis 
 
Korea/N China red 36.03 128.27 132 7 
KMS060 M. sinensis 
 
Korea/N China red 36.99 127.85 132 7 
KMS061 M. sinensis 
 
Korea/N China red 36.07 128.27 187 7 
KMS063 M. sinensis 
 
Korea/N China red 35.28 128.69 48 8 
KMS064 M. sinensis 
 
Korea/N China red 36.52 128.69 97 7 
KMS065 M. sinensis 
 
Korea/N China red 36.39 128.68 184 7 
KMS066 M. sinensis 
 
Korea/N China red 36.66 128.47 121 7 
KMS067 M. sinensis 
 
Korea/N China red 35.29 128.54 93 8 
KMS068 M. sinensis 
 
Korea/N China red 35.21 128.28 47 8 
KMS070 M. sinensis 
 
Korea/N China red 37.55 127.31 50 7 
KMS072 M. sinensis 
 
Korea/N China red 37.87 127.30 263 7 
KMS074 M. sinensis 
 
Korea/N China red 37.99 127.02 124 7 
KMS075 M. sinensis 
 
Korea/N China red 36.83 126.58 28 8 
KMS076 M. sinensis 
 
Korea/N China red 35.07 126.96 151 9 
KMS077 M. sinensis 
 
Korea/N China red 36.77 126.57 39 8 
KMS078 M. sinensis 
 
Korea/N China red 36.29 126.92 26 8 
KMS079 M. sinensis 
 
Korea/N China red 36.31 126.93 12 8 
KMS080 M. sinensis 
 
Korea/N China red 35.87 127.11 20 8 
KMS081 M. sinensis 
 
Korea/N China red 36.46 127.15 31 8 
KMS082 M. sinensis 
 
Korea/N China red 36.48 127.13 18 8 
KMS083 M. sinensis 
 
Korea/N China red 35.32 126.57 31 9 
KMS084 M. sinensis 
 
Korea/N China red 37.85 127.73 155 6 
KMS086 M. sinensis 
 
Korea/N China red 35.72 126.97 30 8 
KMS087 M. sinensis 
 
Korea/N China red 35.00 127.49 30 8 
KMS089 M. sinensis 
 
Korea/N China red 34.84 127.07 195 9 
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KMS090 M. sinensis 
 
Korea/N China red 35.41 127.31 95 8 
KMS091 M. sinensis 
 
Korea/N China red 36.53 126.58 48 8 
KMS092 M. sinensis 
 
Korea/N China red 34.63 126.63 4 9 
KMS093 M. sinensis 
 
Korea/N China red 37.81 127.77 202 6 
KMS095 M. sinensis 
 
Korea/N China red 35.96 127.12 39 8 
KMS096 M. sinensis 
 
Korea/N China red 35.99 127.09 53 8 
KMS097 M. sinensis 
 
Korea/N China red 35.02 126.68 70 9 
KMS098 M. sinensis 
 
Korea/N China red 35.66 126.94 34 8 
KMS099 M. sinensis 
 
Korea/N China red 35.40 126.80 88 8 
KMS100 M. sinensis 
 
Korea/N China red 34.84 126.42 5 9 
KMS101 M. sinensis 
 
Korea/N China red 35.99 127.10 42 8 
KMS102 M. sinensis 
 
Korea/N China red 35.05 126.83 15 9 
KMS103 M. sinensis 
 
Korea/N China red 35.22 126.49 24 9 
KMS104 M. sinensis 
 
Korea/N China red 35.34 126.81 57 8 
KMS105 M. sinensis 
 
Korea/N China red 35.43 127.42 118 8 
KMS107 M. sinensis 
 
Korea/N China red 36.30 127.31 92 8 
KMS108 M. sinensis 
 
Korea/N China red 38.19 128.01 427 6 
KMS109 M. sinensis 
 
Korea/N China red 37.33 127.24 138 7 
KMS110 M. sinensis 
 
Korea/N China red 37.06 126.92 41 8 
KMS111 M. sinensis 
 
Korea/N China red 37.14 126.90 43 8 
KMS112 M. sinensis 
 
Korea/N China red 37.95 128.14 578 6 
KMS113 M. sinensis 
 
Korea/N China red 36.92 127.52 90 7 
KMS115 M. sinensis 
 
Korea/N China red 36.53 127.50 100 7 
KMS116 M. sinensis 
 
Korea/N China red 37.00 127.60 116 7 
KMS117 M. sinensis 
 
Korea/N China red 36.42 127.67 175 7 
KMS118 M. sinensis 
 
Korea/N China red 37.53 128.93 696 6 
KMS119 M. sinensis 
 
Korea/N China red 37.35 128.58 428 6 
KMS120 M. sinensis 
 
Korea/N China red 37.42 128.25 720 6 
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KMS121 M. sinensis 
 
Korea/N China red 37.43 128.35 487 6 
KMS123 M. sinensis 
 
Korea/N China red 37.48 128.77 499 6 
KMS124 M. sinensis 
 
Korea/N China red 37.46 127.83 194 7 
KMS125 M. sinensis 
 
Korea/N China red 37.53 127.80 289 7 
KMS126 M. sinensis 
 
Korea/N China red 37.43 128.01 209 7 
KMS127 M. sinensis 
 
Korea/N China red 37.61 127.78 213 7 
KMS128 M. sinensis 
 
Korea/N China red 37.07 127.72 233 7 
KMS129 M. sinensis 
 
Korea/N China red 37.05 129.05 740 6 
KMS130 M. sinensis 
 
Korea/N China red 37.48 128.24 740 6 
KMS131 M. sinensis 
 
Korea/N China red 37.13 129.17 186 6 
KMS132 M. sinensis 
 
Korea/N China red 37.72 128.86 113 5 
KMS133 M. sinensis 
 
Korea/N China red 37.88 127.82 448 6 
KMS134 M. sinensis 
 
Korea/N China red 37.09 129.03 574 6 
KMS135 M. sinensis 
 
Korea/N China red 37.13 128.17 230 7 
KMS136 M. sinensis 
 
Korea/N China red 37.46 128.28 598 6 
KMS137 M. sinensis 
 
Korea/N China red 37.51 129.10 132 6 
KMS138 M. sinensis 
 
Korea/N China red 37.70 128.14 371 6 
KMS139 M. sinensis 
 
Korea/N China red 37.35 128.57 517 6 
KMS140 M. sinensis 
 
Korea/N China red 36.44 129.25 178 7 
KMS141 M. sinensis 
 
Korea/N China red 36.74 129.34 239 6 
KMS142 M. sinensis 
 
Korea/N China red 37.55 128.21 521 6 
KMS143 M. sinensis 
 
Korea/N China red 37.59 128.15 328 6 
KMS144 M. sinensis 
 
Korea/N China red 36.93 129.16 554 6 
KMS146 M. sinensis 
 
Korea/N China red 37.84 127.89 392 6 
KMS147 M. sinensis 
 
Korea/N China red 37.58 127.90 200 6 
KMS149 M. sinensis 
 
Korea/N China red 38.22 128.37 150 6 
KMS150 M. sinensis 
 
Korea/N China red 38.09 128.19 237 6 
KMS151 M. sinensis 
 
Korea/N China red 38.20 128.33 350 6 
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KMS152 M. sinensis 
 
Korea/N China red 38.20 128.20 310 6 
KMS154 M. sinensis 
 
Korea/N China red 38.06 128.65 185 5 
KMS156 M. sinensis 
 
Korea/N China red 38.02 127.80 337 6 
KMS158 M. sinensis 
 
Korea/N China red 38.02 128.23 213 5 
KMS159 M. sinensis 
 
Korea/N China red 37.82 128.47 577 6 
KMS160 M. sinensis 
 
Korea/N China red 38.18 127.38 409 6 
KMS162 M. sinensis 
 
Korea/N China red 37.70 127.40 103 7 
KMS163 M. sinensis 
 
Korea/N China red 37.73 127.41 58 7 
KMS164 M. sinensis 
 
Korea/N China red 37.90 127.77 213 6 
KMS165 M. sinensis 
 
Korea/N China red 37.87 127.52 128 6 
KMS166 M. sinensis 
 
Korea/N China red 38.03 127.84 300 6 
KMS167 M. sinensis 
 
Korea/N China red 38.03 127.87 250 6 
KMS168 M. sinensis 
 
Korea/N China red 38.13 128.05 250 5 
KMS169 M. sinensis 
 
Korea/N China red 38.04 127.95 200 6 
KMS170 M. sinensis 
 
Korea/N China red 37.71 128.18 337 6 
KMS171 M. sinensis 
 
Korea/N China red 37.80 128.86 136 6 
KMS174 M. sinensis 
 
Korea/N China red 37.94 127.78 127 6 
KMS175 M. sinensis 
 
Korea/N China red 38.15 127.10 450 6 
KMS176 M. sinensis 
 
Korea/N China red 38.00 127.79 615 6 
KMS177 M. sinensis 
 
Korea/N China red 37.77 127.74 232 6 
KMS201 M. sinensis 
 
Korea/N China red 37.49 127.98 241 7 
KMS203 M. sinensis 
 
Korea/N China red 38.07 127.52 278 6 
KMS204 M. sinensis 
 
Korea/N China red 37.85 127.58 510 6 
KMS205 M. sinensis 
 
Korea/N China red 36.89 127.95 215 7 
KMS206 M. sinensis 
 
Korea/N China red 37.08 127.96 225 7 
KMS207 M. sinensis 
 
Korea/N China red 37.06 128.17 315 7 
KMS210 M. sinensis 
 
Korea/N China red 36.77 127.86 452 7 
KMS211 M. sinensis 
 
Korea/N China red 37.16 126.90 188 8 
254 
 
Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
KMS215 M. sinensis 
 
Korea/N China red 38.17 127.46 386 6 
KMS219 M. sinensis 
 
Korea/N China red 37.18 128.98 411 6 
KMS225 M. sinensis 
 
Korea/N China red 37.80 128.90 355 6 
KMS229 M. sinensis 
 
Korea/N China red 36.35 128.70 388 7 
KMS231 M. sinensis 
 
Korea/N China red 35.86 129.22 332 7 
KMS233 M. sinensis 
 
Korea/N China red 35.44 126.70 214 9 
KMS234 M. sinensis 
 
Korea/N China red 35.06 126.99 348 9 
KMS239 M. sinensis 
 
Korea/N China red 35.57 126.86 380 8 
KMS243 M. sinensis 
 
Korea/N China red 37.30 127.64 360 7 
KMS249 M. sinensis 
 
Korea/N China red 36.68 129.37 203 6 
PMS-436 M. sinensis 
 
Korea/N China red 41.32 123.74 183 5 
PMS-438 M. sinensis 
 
Korea/N China red 41.33 123.69 148 5 
PMS-464 M. sinensis 
 
Korea/N China red 36.23 117.08 550 7 
PMS-466 M. sinensis 
 
Korea/N China red 37.17 121.73 20 8 
PMS-496 M. sinensis 
 
Korea/N China red 41.91 124.67 385 5 
PMS-504 M. sinensis 
 
Korea/N China red 41.82 123.40 51 6 
PMS-510 M. sinensis 
 
Korea/N China red 41.19 123.85 246 5 
PMS-511 M. sinensis 
 
Korea/N China red 41.23 123.76 282 5 
KMS069a M. sinensis 
 
Korea/N China red 36.04 129.24 21 7 
PMS-005 M. sinensis 
 
Sichuan Basin orange 29.90 109.56 723 9 
PMS-009 M. sinensis 
 
Sichuan Basin orange 30.58 109.71 583 9 
PMS-014 M. sinensis 
 
Sichuan Basin orange 29.66 109.12 770 9 
PMS-018 M. sinensis 
 
Sichuan Basin orange 29.38 108.11 282 9 
PMS-038 M. sinensis 
 
Sichuan Basin orange 30.58 105.24 397 9 
PMS-044 M. sinensis 
 
Sichuan Basin orange 28.68 105.13 395 10 
PMS-047 M. sinensis 
 
Sichuan Basin orange 28.65 104.95 263 9 
PMS-049 M. sinensis 
 
Sichuan Basin orange 28.92 104.91 338 9 
PMS-053 M. sinensis 
 
Sichuan Basin orange 30.22 103.48 569 8 
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PMS-054 M. sinensis 
 
Sichuan Basin orange 30.08 103.08 672 7 
PMS-055 M. sinensis 
 
Sichuan Basin orange 30.07 103.04 1105 7 
PMS-058 M. sinensis 
 
Sichuan Basin orange 30.17 102.90 775 7 
PMS-218 M. sinensis 
 
Sichuan Basin orange 26.75 108.50 512 9 
PMS-223 M. sinensis 
 
Sichuan Basin orange 26.67 108.15 786 9 
PMS-224 M. sinensis 
 
Sichuan Basin orange 26.63 108.12 832 9 
PMS-231 M. sinensis 
 
Sichuan Basin orange 26.62 106.76 1102 9 
PMS-232 M. sinensis 
 
Sichuan Basin orange 26.64 106.62 1300 9 
PMS-235 M. sinensis 
 
Sichuan Basin orange 26.66 106.61 1331 9 
PMS-474 M. sinensis 
 
Sichuan Basin orange 30.74 105.18 347 9 
PMS-475 M. sinensis 
 
Sichuan Basin orange 30.93 105.06 407 9 
PMS-521 M. sinensis 
 
Sichuan Basin orange 30.82 107.31 361 10 
PMS-526 M. sinensis 
 
Sichuan Basin orange 31.08 107.88 383 9 
PMS-546 M. sinensis 
 
Sichuan Basin orange 30.27 109.46 430 8 
PMS-586 M. sinensis 
 
Sichuan Basin orange 27.00 108.70 652 9 
PMS-270 M. sinensis 
 
Sichuan Basin orange 24.17 102.40 1581 9 
PMS-007 M. sinensis 
 
Yangtze-Qinling darkgreen 30.80 110.26 1758 8 
PMS-081 M. sinensis 
 
Yangtze-Qinling darkgreen 30.86 111.36 145 9 
PMS-086 M. sinensis 
 
Yangtze-Qinling darkgreen 31.34 110.56 596 8 
PMS-087 M. sinensis 
 
Yangtze-Qinling darkgreen 31.47 110.39 1258 8 
PMS-089 M. sinensis 
 
Yangtze-Qinling darkgreen 31.49 110.37 1499 8 
PMS-093 M. sinensis 
 
Yangtze-Qinling darkgreen 31.76 110.54 1480 8 
PMS-094 M. sinensis 
 
Yangtze-Qinling darkgreen 31.76 110.54 1400 8 
PMS-101 M. sinensis 
 
Yangtze-Qinling darkgreen 32.08 110.50 600 8 
PMS-102 M. sinensis 
 
Yangtze-Qinling darkgreen 32.12 110.46 588 8 
PMS-107 M. sinensis 
 
Yangtze-Qinling darkgreen 32.35 110.48 546 8 
PMS-108 M. sinensis 
 
Yangtze-Qinling darkgreen 32.44 109.28 440 7 
PMS-110 M. sinensis 
 
Yangtze-Qinling darkgreen 32.52 109.15 476 8 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PMS-115 M. sinensis 
 
Yangtze-Qinling darkgreen 33.01 108.14 486 8 
PMS-116 M. sinensis 
 
Yangtze-Qinling darkgreen 33.02 108.08 546 8 
PMS-117 M. sinensis 
 
Yangtze-Qinling darkgreen 33.02 107.98 665 8 
PMS-118 M. sinensis 
 
Yangtze-Qinling darkgreen 32.97 107.67 458 8 
PMS-120 M. sinensis 
 
Yangtze-Qinling darkgreen 32.96 107.55 489 8 
PMS-121 M. sinensis 
 
Yangtze-Qinling darkgreen 33.05 107.43 583 8 
PMS-122 M. sinensis 
 
Yangtze-Qinling darkgreen 33.02 106.26 750 8 
PMS-124 M. sinensis 
 
Yangtze-Qinling darkgreen 32.98 106.26 797 8 
PMS-125 M. sinensis 
 
Yangtze-Qinling darkgreen 32.96 106.24 1031 8 
PMS-127 M. sinensis 
 
Yangtze-Qinling darkgreen 33.05 104.67 1962 6 
PMS-129 M. sinensis 
 
Yangtze-Qinling darkgreen 33.07 104.71 1735 6 
PMS-130 M. sinensis 
 
Yangtze-Qinling darkgreen 33.46 105.14 1807 7 
PMS-131 M. sinensis 
 
Yangtze-Qinling darkgreen 33.50 105.36 1116 8 
PMS-133 M. sinensis 
 
Yangtze-Qinling darkgreen 33.69 105.61 1238 7 
PMS-134 M. sinensis 
 
Yangtze-Qinling darkgreen 33.76 105.80 1009 7 
PMS-136 M. sinensis 
 
Yangtze-Qinling darkgreen 33.83 106.19 826 7 
PMS-140 M. sinensis 
 
Yangtze-Qinling darkgreen 33.99 106.66 1033 7 
PMS-144 M. sinensis 
 
Yangtze-Qinling darkgreen 34.25 106.93 1467 7 
PMS-151 M. sinensis 
 
Yangtze-Qinling darkgreen 33.52 110.92 513 7 
PMS-156 M. sinensis 
 
Yangtze-Qinling darkgreen 33.69 111.08 844 8 
PMS-159 M. sinensis 
 
Yangtze-Qinling darkgreen 34.13 111.04 757 7 
PMS-161 M. sinensis 
 
Yangtze-Qinling darkgreen 35.72 112.32 724 6 
PMS-163 M. sinensis 
 
Yangtze-Qinling darkgreen 35.72 112.69 941 7 
PMS-164 M. sinensis 
 
Yangtze-Qinling darkgreen 37.34 114.28 360 6 
PMS-165 M. sinensis 
 
Yangtze-Qinling darkgreen 37.34 114.28 345 6 
PMS-167 M. sinensis 
 
Yangtze-Qinling darkgreen 37.35 114.25 458 6 
PMS-169 M. sinensis 
 
Yangtze-Qinling darkgreen 34.50 113.04 1291 8 
PMS-170 M. sinensis 
 
Yangtze-Qinling darkgreen 34.51 113.04 1371 8 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PMS-171 M. sinensis 
 
Yangtze-Qinling darkgreen 34.51 113.04 1382 8 
PMS-172 M. sinensis 
 
Yangtze-Qinling darkgreen 34.51 113.04 1389 8 
PMS-176 M. sinensis 
 
Yangtze-Qinling darkgreen 34.51 113.04 1413 8 
PMS-178 M. sinensis 
 
Yangtze-Qinling darkgreen 34.51 113.04 1488 8 
PMS-180 M. sinensis 
 
Yangtze-Qinling darkgreen 31.88 115.41 84 8 
PMS-183 M. sinensis 
 
Yangtze-Qinling darkgreen 31.75 115.49 205 8 
PMS-184 M. sinensis 
 
Yangtze-Qinling darkgreen 31.74 115.49 252 8 
PMS-189 M. sinensis 
 
Yangtze-Qinling darkgreen 31.76 115.54 295 8 
PMS-194 M. sinensis 
 
Yangtze-Qinling darkgreen 31.55 115.31 155 9 
PMS-204 M. sinensis 
 
Yangtze-Qinling darkgreen 31.70 114.87 103 8 
PMS-272 M. sinensis 
 
Yangtze-Qinling darkgreen 28.73 116.44 32 9 
PMS-273 M. sinensis 
 
Yangtze-Qinling darkgreen 28.74 116.54 18 9 
PMS-284 M. sinensis 
 
Yangtze-Qinling darkgreen 29.49 118.15 270 9 
PMS-285 M. sinensis 
 
Yangtze-Qinling darkgreen 29.64 118.16 176 9 
PMS-288 M. sinensis 
 
Yangtze-Qinling darkgreen 29.96 118.36 145 9 
PMS-296 M. sinensis 
 
Yangtze-Qinling darkgreen 31.22 120.38 22 9 
PMS-304 M. sinensis 
 
Yangtze-Qinling darkgreen 29.97 119.91 16 9 
PMS-306 M. sinensis 
 
Yangtze-Qinling darkgreen 29.89 119.84 20 9 
PMS-308 M. sinensis 
 
Yangtze-Qinling darkgreen 29.80 119.71 29 9 
PMS-311 M. sinensis 
 
Yangtze-Qinling darkgreen 29.56 119.76 651 8 
PMS-314 M. sinensis 
 
Yangtze-Qinling darkgreen 26.53 119.63 279 9 
PMS-425 M. sinensis 
 
Yangtze-Qinling darkgreen 29.72 113.85 46 9 
PMS-427 M. sinensis 
 
Yangtze-Qinling darkgreen 29.77 114.04 71 9 
PMS-433 M. sinensis 
 
Yangtze-Qinling darkgreen 30.12 114.35 40 9 
PMS-460 M. sinensis 
 
Yangtze-Qinling darkgreen 36.25 120.57 167 8 
PMS-533 M. sinensis x M. sacchariflorus BC1 
 
Yangtze-Qinling darkgreen 31.02 108.87 446 9 
PMS-601 M. sinensis 
 
Yangtze-Qinling darkgreen 30.25 119.69 63 8 
PMS-602 M. sinensis 
 
Yangtze-Qinling darkgreen 30.31 119.57 206 8 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PMS-605 M. sinensis 
 
Yangtze-Qinling darkgreen 30.31 119.49 261 8 
PMS-606 M. sinensis 
 
Yangtze-Qinling darkgreen 30.36 119.47 425 8 
PMS-607 M. sinensis 
 
Yangtze-Qinling darkgreen 30.30 119.45 275 8 
PMS-610 M. sinensis 
 
Yangtze-Qinling darkgreen 30.21 119.59 101 8 
PMS-614 M. sinensis 
 
Yangtze-Qinling darkgreen 30.27 119.72 67 8 
UI10-00105 M. sinensis var. transmorrisonensis Arnin's Weeping South-eastern China plus tropical purple 
    
CANE9233 M. sinensis US47-0011 South-eastern China plus tropical purple 23.70 120.96 
 
10 
PI230189 M. floridulus US56-0022-03 South-eastern China plus tropical purple -20.91 165.33 10 
 
PI294602 M. sinensis US64-0004-02 South-eastern China plus tropical purple 
    
PI294605 M. sinensis var. condensatus US64-0007-01 South-eastern China plus tropical purple 
    
PI295762 M. floridulus 
 
South-eastern China plus tropical purple 
    
PI295764 M. sinensis Gracillimus South-eastern China plus tropical purple 
    
PI302423 M. sp. US64-0016-03 South-eastern China plus tropical purple 
    
PI417947 M. floridulus NG77-022 South-eastern China plus tropical purple -3.55 143.63 5 
 
PI423566 M. sp. M75-062 South-eastern China plus tropical purple 
    
PMS-008 M. sinensis 
 
South-eastern China plus tropical purple 30.80 110.06 1728 8 
PMS-182 M. sinensis 
 
South-eastern China plus tropical purple 31.76 115.47 137 8 
PMS-211 M. sinensis 
 
South-eastern China plus tropical purple 30.98 114.64 43 9 
PMS-212 M. sinensis 
 
South-eastern China plus tropical purple 26.95 108.67 631 9 
PMS-213 M. sinensis 
 
South-eastern China plus tropical purple 26.93 108.65 620 9 
PMS-257 M. sinensis 
 
South-eastern China plus tropical purple 23.26 104.42 1408 9 
PMS-259 M. sinensis 
 
South-eastern China plus tropical purple 23.25 104.45 1389 9 
PMS-293 M. sinensis 
 
South-eastern China plus tropical purple 31.35 119.68 22 9 
PMS-317 M. sinensis 
 
South-eastern China plus tropical purple 26.32 119.50 88 9 
PMS-318 M. sinensis 
 
South-eastern China plus tropical purple 26.18 119.54 14 10 
PMS-321 M. sinensis 
 
South-eastern China plus tropical purple 26.02 119.20 8 9 
PMS-322 M. sinensis 
 
South-eastern China plus tropical purple 26.02 119.20 8 9 
PMS-323 M. sinensis 
 
South-eastern China plus tropical purple 26.02 119.20 8 9 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PMS-327 M. sinensis 
 
South-eastern China plus tropical purple 26.15 117.50 152 9 
PMS-329 M. sinensis 
 
South-eastern China plus tropical purple 26.05 117.43 164 9 
PMS-330 M. sinensis 
 
South-eastern China plus tropical purple 25.95 117.32 191 9 
PMS-331 M. sinensis 
 
South-eastern China plus tropical purple 25.89 117.27 214 9 
PMS-332 M. sinensis 
 
South-eastern China plus tropical purple 25.82 117.19 234 9 
PMS-333 M. sinensis 
 
South-eastern China plus tropical purple 25.76 117.15 261 9 
PMS-335 M. sinensis 
 
South-eastern China plus tropical purple 25.87 116.12 258 9 
PMS-336 M. sinensis 
 
South-eastern China plus tropical purple 25.86 116.00 193 9 
PMS-337 M. sinensis 
 
South-eastern China plus tropical purple 25.80 115.97 199 9 
PMS-338 M. sinensis 
 
South-eastern China plus tropical purple 25.73 115.89 192 9 
PMS-339 M. sinensis 
 
South-eastern China plus tropical purple 25.66 115.82 180 9 
PMS-340 M. sinensis 
 
South-eastern China plus tropical purple 25.59 115.80 169 9 
PMS-341 M. sinensis 
 
South-eastern China plus tropical purple 25.49 115.77 182 9 
PMS-342 M. sinensis 
 
South-eastern China plus tropical purple 25.44 115.78 198 9 
PMS-343 M. sinensis 
 
South-eastern China plus tropical purple 25.41 115.78 207 9 
PMS-345 M. sinensis 
 
South-eastern China plus tropical purple 24.26 115.96 165 9 
PMS-347 M. sinensis 
 
South-eastern China plus tropical purple 24.17 115.88 286 10 
PMS-349 M. sinensis 
 
South-eastern China plus tropical purple 24.19 115.82 169 9 
PMS-350 M. sinensis 
 
South-eastern China plus tropical purple 24.12 115.66 159 9 
PMS-352 M. sinensis 
 
South-eastern China plus tropical purple 24.09 115.54 136 10 
PMS-353 M. sinensis 
 
South-eastern China plus tropical purple 24.07 115.49 161 10 
PMS-354 M. sinensis 
 
South-eastern China plus tropical purple 24.06 115.40 231 9 
PMS-359 M. sinensis 
 
South-eastern China plus tropical purple 22.91 112.34 20 10 
PMS-368 M. sinensis 
 
South-eastern China plus tropical purple 21.57 110.49 27 10 
PMS-371 M. sinensis 
 
South-eastern China plus tropical purple 20.70 110.05 59 11 
PMS-372 M. sinensis 
 
South-eastern China plus tropical purple 20.46 110.03 106 11 
PMS-375 M. sinensis 
 
South-eastern China plus tropical purple 19.63 110.29 84 11 
PMS-384 M. sinensis 
 
South-eastern China plus tropical purple 18.66 109.58 441 11 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PMS-389 M. sinensis 
 
South-eastern China plus tropical purple 22.19 108.52 25 10 
PMS-392 M. sinensis 
 
South-eastern China plus tropical purple 22.39 108.38 137 10 
PMS-396 M. sinensis 
 
South-eastern China plus tropical purple 24.51 109.95 157 10 
PMS-397 M. sinensis 
 
South-eastern China plus tropical purple 24.40 109.98 164 10 
PMS-398 M. sinensis 
 
South-eastern China plus tropical purple 24.34 110.08 218 10 
PMS-399 M. sinensis 
 
South-eastern China plus tropical purple 24.39 110.13 263 10 
PMS-400 M. sinensis 
 
South-eastern China plus tropical purple 24.42 110.21 255 9 
PMS-403 M. sinensis 
 
South-eastern China plus tropical purple 24.65 110.43 167 9 
PMS-404 M. sinensis 
 
South-eastern China plus tropical purple 24.69 110.47 176 9 
PMS-405 M. sinensis 
 
South-eastern China plus tropical purple 26.24 111.45 119 9 
PMS-406 M. sinensis 
 
South-eastern China plus tropical purple 26.32 111.43 124 9 
PMS-407 M. sinensis 
 
South-eastern China plus tropical purple 26.37 111.37 137 9 
PMS-409 M. sinensis 
 
South-eastern China plus tropical purple 26.48 111.25 402 9 
PMS-410 M. sinensis 
 
South-eastern China plus tropical purple 26.56 111.22 376 9 
PMS-411 M. sinensis 
 
South-eastern China plus tropical purple 26.67 111.20 321 9 
PMS-412 M. sinensis 
 
South-eastern China plus tropical purple 26.75 111.15 339 9 
PMS-413 M. sinensis 
 
South-eastern China plus tropical purple 26.80 111.21 311 9 
PMS-414 M. sinensis 
 
South-eastern China plus tropical purple 27.00 111.28 247 9 
PMS-416 M. sinensis 
 
South-eastern China plus tropical purple 28.07 109.59 365 8 
PMS-418 M. sinensis 
 
South-eastern China plus tropical purple 28.24 109.68 199 8 
PMS-424 M. sinensis 
 
South-eastern China plus tropical purple 28.25 110.12 124 9 
PMS-444 M. sinensis 
 
South-eastern China plus tropical purple 23.18 113.38 74 10 
PMS-445 M. sinensis 
 
South-eastern China plus tropical purple 23.18 113.38 127 10 
PMS-447 M. sinensis 
 
South-eastern China plus tropical purple 23.19 113.38 234 10 
PMS-535 M. sinensis 
 
South-eastern China plus tropical purple 31.13 109.02 906 9 
PMS-541 M. sinensis 
 
South-eastern China plus tropical purple 30.68 109.46 1329 9 
PMS-543 M. sinensis 
 
South-eastern China plus tropical purple 30.55 109.36 1523 8 
PMS-544 M. sinensis 
 
South-eastern China plus tropical purple 30.44 109.33 1727 8 
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Table B.3 (cont.) 
Accession Species Cultivar DAPC group 
DAPC 
group 
color Lat Long 
Elevation 
(m) 
10-year 
hardiness 
zone 
(NAPPFAST 
2012) 
PMS-555 M. sinensis 
 
South-eastern China plus tropical purple 28.99 109.83 365 9 
PMS-557 M. sinensis 
 
South-eastern China plus tropical purple 28.52 109.49 487 9 
PMS-558 M. sinensis 
 
South-eastern China plus tropical purple 28.35 109.55 745 8 
PMS-571 M. sinensis 
 
South-eastern China plus tropical purple 25.35 110.11 145 9 
PMS-574 M. sinensis 
 
South-eastern China plus tropical purple 25.02 109.59 499 9 
PMS-576 M. sinensis 
 
South-eastern China plus tropical purple 25.77 109.59 162 9 
PMS-589 M. sinensis 
 
South-eastern China plus tropical purple 27.95 109.28 626 8 
PMS-364a M. sinensis 
 
South-eastern China plus tropical purple 22.51 112.20 421 10 
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Table B.4 Genotype allelic effects of 73 SNP markers detected for overwintering ability. 
SNP markers 
Homozygous 
genotype 1 
Heterozygous 
genotype 
Homozygous 
genotype 2 
Additive 
effect 
Dominance 
effect 
PstI.TP18130 0.70 0.93 0.91 0.10 0.12 
PstI.TP102721 0.51 0.70 0.90 0.19 0.00 
PstI.TP116978 0.80 0.90 0.95 0.07 0.02 
PstI.TP141152 0.83 0.40 0.00 0.42 -0.02 
PstI.TP157595 0.67 0.86 0.79 0.06 0.12 
PstI.TP223913 0.82 0.98 1.00 0.09 0.07 
PstI.TP315329 0.80 0.84 0.87 0.03 0.00 
PstI.TP315345 0.81 0.71 
   PstI.TP317707 0.56 0.68 0.81 0.13 -0.01 
PstI.TP321804 0.86 0.50 0.38 0.24 -0.12 
PstI.TP340659 0.74 
 
0.34 0.20 
 PstI.TP345199 0.84 0.62 0.48 0.18 -0.04 
PstI.TP411939 0.78 0.81 0.79 0.01 0.02 
PstI.TP480368 0.83 0.93 1.00 0.08 0.02 
PstI.TP549546 
 
0.89 0.78 
  PstI.TP595651 0.34 0.44 0.82 0.24 -0.15 
PstI.TP608232 0.77 0.83 0.89 0.06 0.00 
PstI.TP621165 0.74 0.80 0.88 0.07 -0.01 
PstI.TP759023 0.72 0.80 0.82 0.05 0.03 
PstI.TP767919 0.81 0.76 0.77 0.02 -0.03 
PstI.TP837719 0.35 0.62 0.82 0.23 0.04 
PstI.TP851529 0.35 0.41 0.87 0.26 -0.20 
PstI.TP880946 0.81 0.78 0.84 0.01 -0.04 
PstI.TP917557 0.78 0.91 0.58 0.10 0.23 
PstI.TP987182 0.77 0.85 0.94 0.08 0.00 
PstI.TP1026872 0.46 0.45 0.80 0.17 -0.18 
PstI.TP1102650 0.43 0.36 0.83 0.20 -0.26 
PstI.TP1109665 1.00 1.00 0.85 0.08 0.08 
PstI.TP1128342 0.83 0.65 0.66 0.08 -0.09 
PstI.TP1139190 0.85 
 
0.76 0.05 
 PstI.TP1158722 0.25 0.46 0.81 0.28 -0.08 
PstI.TP1191619 0.41 0.61 0.82 0.21 0.00 
PstI.TP1229853 0.74 0.86 0.86 0.06 0.06 
NsiI.TP6770 0.29 0.20 0.82 0.27 -0.35 
NsiI.TP50219 0.80 0.78 0.79 0.00 -0.01 
NsiI.TP62942 0.84 0.25 0.83 0.01 -0.59 
NsiI.TP87737 0.91 1.00 0.69 0.11 0.20 
NsiI.TP126392 0.76 0.52 0.33 0.21 -0.02 
NsiI.TP133244 0.64 0.64 
   NsiI.TP146158 
 
0.86 0.83 0.41 0.44 
NsiI.TP153287 0.81 0.89 0.83 0.01 0.07 
NsiI.TP153706 0.89 0.93 
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Table B.4 (cont.) 
SNP markers 
Homozygous 
genotype 1 
Heterozygous 
genotype 
Homozygous 
genotype 2 
Additive 
effect 
Dominance 
effect 
NsiI.TP187630 0.78 0.94 0.87 0.05 0.12 
NsiI.TP192802 0.71 0.93 0.89 0.09 0.13 
NsiI.TP207247 0.36 0.58 0.77 0.20 0.02 
NsiI.TP257946 0.82 0.46 0.43 0.20 -0.16 
NsiI.TP270348 0.82 1.00 0.88 0.03 0.15 
NsiI.TP325641 0.95 0.81 0.80 0.07 -0.07 
NsiI.TP329261 0.87 0.84 0.48 0.19 0.17 
NsiI.TP362085 0.84 0.35 0.29 0.28 -0.21 
NsiI.TP362094 0.27 
 
0.73 0.23 
 NsiI.TP375323 0.83 0.72 0.77 0.03 -0.08 
NsiI.TP429477 0.83 0.41 0.35 0.24 -0.18 
NsiI.TP439573 0.85 0.79 0.80 0.02 -0.03 
NsiI.TP476474 0.83 0.67 
   NsiI.TP483177 0.54 0.38 0.80 0.13 -0.29 
NsiI.TP507795 0.21 0.41 0.82 0.30 -0.10 
NsiI.TP508492 0.68 0.37 0.85 0.08 -0.40 
NsiI.TP533478 0.26 0.34 0.83 0.28 -0.20 
NsiI.TP559192 0.81 0.49 0.25 0.28 -0.05 
NsiI.TP566919 0.29 0.47 0.79 0.25 -0.07 
NsiI.TP578593 0.25 
 
0.87 0.31 
 NsiI.TP585786 0.81 0.59 0.25 0.28 0.06 
NsiI.TP588597 0.87 0.38 0.30 0.28 -0.21 
NsiI.TP654266 1.00 
 
0.79 0.11 
 NsiI.TP688301 0.81 0.58 0.20 0.31 0.07 
NsiI.TP698570 0.86 0.42 0.81 0.03 -0.42 
NsiI.TP714447 0.89 0.75 0.41 0.24 0.10 
NsiI.TP751468 0.65 0.40 0.45 0.10 -0.15 
NsiI.TP752864 0.76 0.83 0.81 0.02 0.04 
NsiI.TP767197 0.80 0.48 
   NsiI.TP778439 0.87 1.00 0.86 0.01 0.14 
NsiI.TP834438 0.81 0.84 0.94 0.07 -0.04 
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APPENDIX C 
SUPPLEMENTAL MATERIALS OF CHAPTER 4 
 
Fig. C.1 Photographs of Miscanthus from the Southeastern China plus tropical group at the end 
of the growth chamber experiments on the effect of day-length on Miscanthus. Plants were tested 
under each of three day lengths: 10, 12.5, and 15 h. Colored background behind Miscanthus 
genotype names represent the M. sinensis genetic groups identified by Clark et al. (2014, 2015), 
which included Korea/North China (red), Yangtze-Qinling (green), Northern Japan (blue), 
Southern Japan (yellow), Sichuan Basin (orange), and Southeastern China plus tropical (purple). 
In each photo, plant size is scaled by either a 20 cm ruler (black and white) or a 1 m stick (orange 
and white). 
  
265 
 
 
Fig. C.2 Photographs of Miscanthus from China and Japan at the end of the growth chamber 
experiments on the effect of day-length on Miscanthus. Plants were tested under each of three 
day lengths: 10, 12.5, and 15 h. Colored background behind Miscanthus genotype names 
represent the M. sinensis genetic groups identified by Clark et al. (2014, 2015), which included 
Korea/North China (red), Yangtze-Qinling (green), Northern Japan (blue), Southern Japan 
(yellow), Sichuan Basin (orange), and Southeastern China plus tropical (purple); for interspecific 
hybrids (PMS-300) between M. sacchariflorus and M. sinensis, the dominant M. sinensis genetic 
group is shown. In each photo, plant size is scaled by either a 20 cm ruler (black and white) or a 
1 m stick (orange and white). Note that accessions originating from high latitudes typically 
remained short and had few or no flowering stems when grown under short days but were taller 
and flowered when grown under long days. 
 
 
